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Abstract
The heavy water moderated and cooled research reactor,
MITR-I, has been replaced with a light water cooled, heavy
water reflected reactor called the MITR-II. The MITR-II
is designed to operate at 5 thermal megawatts. The MITR-I
was shutdown in May, 1974, dismantling, construction, and
preoperational testing continued until the MITR-II went
critical on August 14, 1975. Cadmium absorbers were fixed
in the upper core of the first fuel loadings to shorten the
active core height and provide reactivity control. Solid
non-fueled elements were also loaded for additional re-
activity control.
Swelling of the original cadmium fixed absorbers
necessitated a second core configuration. The second
core contained additional solid non-fueled elements and
no fixed absorbers.
The compact core of the MITR-II causes thermal neutron
flux and power peaking to occur at the core outer boundaries
and incore locations with excess moderator. The active core
power density is in the gange of 100 to 150 watts/cm with
peaks up to 300 watts/cm . The power, flow, and temperature
distributions of the initial core loadings were determined
analytically and experimentally in order to evaluate the
safety limit factor and limiting operating conditions.
Neutron flux, core temperature, coolant flow, and power
distributions were measured by various experimental techniques.
The thermal-hydraulic parameters of the initial fuel
loadings are evaluated and shown to satisfy the acceptance
criteria for operation of the MITR-II.
Thesis Supervisor: David D. Lanning
Title: Professor of Nuclear Engineering
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CHAPTER 1
INTRODUCTION
1.1 General
The Massachusetts Institute of Technology Research
Reactor has been serving the academic, industrial and
medical research needs of MIT and the surrounding community
since the initial facility went critical on July 21, 1958.
The original design of the Massachusetts Institute of
Technology, hereafter called MITR-I, operated successfully
from 1958 until May, 1974 when it was shutdown for modifi-
cation. During the design of the MITR-I, it had been
estimated that the life of the facility based on technical
obsolescence would be approximately ten years and thus,
features were incorporated into the original design that
would permit eventual modification. When the competitive-
ness of the MITR-I relative to other research facilities
decreased in the late sixties, the decision was made to
begin the process of designing a new reactor, hereafter
called the MITR-II.
The design objectives of the MITR-II were established
by the late Dr. Theos J. Thompson and carried to their
successful realization in the completed MITR-II by
Dr. David D. Lanning. Numerous Department of Nuclear
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Engineering students performed research necessary to the re-
design effort and safety evaluation of the new facility.
One of the areas of concern was an analysis of the power
distribution and thermal-hydraulic limiting conditions for
the MITR-II. The purpose of this work is to evaluate the
power distribution limits of the initial MITR-II cores and
to recommend procedures to be used for future core loadings.
This chapter provides a brief description of the MITR-I
in order to understand the advantages of the modification.
In addition, basic features of the MITR-II are described in
order to give a familiarity with the new system which will
be useful in understanding conditions which affect the power
distribution.
1.2 MITR-I
The MITR-I was operated to steady-state powers up to
5 thermal megawatts. The reactor was moderated and forced
connection cooled by heavy water and utilized MTR type fuel
elements of highly eAriched uranium-235. The fuel elements
consisted of curved plate-type uranium and aluminum alloy
fuel which was clad with aluminum. Figure 1.2-1 shows a
vertical cross section of the MITR-I. The reactor core was
contained in an aluminum tank four feet in diameter and
seven feet high which was surrounded by a graphite reflector
region. The entire core tank region was shielded by thick
high density concrete penetrated by experimental facilities.
29
F I G. I. 2-1
VERTICAL SECTION OF THE MITR-I
-1
30
Access to the reactor core was only possible through the
plug above the core. The centerline of the beam ports was
located on a horizontal plane about two inches below the
centerline of the fuel.
1.2.1 Core Arrangement and Operation
The fuel elements were arranged in a widely spaced
manner in concentric rings with fuel elements being located
approximately six inches apart. The central fuel element
was located in the radial center of the tank. Figure 1.2-2
shows a horizontal cross section through the reactor and the
thirty numbered fuel element positions. In the place of
several fuel elements in the outer ring, sample assemblies
were located. The sample assemblies were used to tailor
the flux to specific beam ports, reduce core reactivity,
provide experimental facilities, and in some cases act as
check valves to allow natural circulation cooling during
absence of flow. In addition to the above, the core also
contained six shim iafety rods and one regulating control
rod.
The operating limit of the MITR-I was. the prevention of
boiling in the reactor core. The refueling cycle was basical-
ly an out-in loading. Fresh fuel would be loaded in the
outer rings and moved closer to the core center as the
uranium was burned up. Table 1.2-1 shows thte limits on
element loading per ring for elements containing 169 grams
of U23 5 when fresh.
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TABLE 1.2-1
MITR-I FUEL LOADING CRITERIA
Limit
Position 1 Grams of U2 35 in Element x
Number of Fueled Elements
Incore < 3270
Positions 2-7 Grams of U in Element x
Number of Fueled Elements
Incore < 3700
Remaining Positions No Limit
By meeting the criteria in Table 1.2-1, the power
produced in a given element would be less than the power
required to cause boiling in the core. An additional limit
on each fuel cycle step was that the element burnup could
not exceed 43 atom percent. The reactor was operated in a
steady state mode for approximately 100 hours per week.
The total power generated by the MITR-I during its operation
slightly exceeded one quarter of a million megawatt-hours.
1.2.2 Facility Limitations
The MITR-I had operated successfully and safely for
sixteen years but in technical terms it had become an old
facility. Many major components were only available for
limited surveillance inspection and the facility was less
competitive 'than newer research reactors. Because of the
desire for continued safe and competitive operation, it was
decided that the time had come to either perform extensive
I
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renovation or modify the reactor. The MITR-I was con-
structed at a time when reactor licensing requirements
were less stringent than present and it may have been that
the decision to renovate would not have been acceptable
upon an up-to-date safety review. Coolant pipes entering
and leaving the bottom of the core tank, an adverse coupling
between reflector dump and fuel cooling, and lack of any
seismic analysis are examples of licensing problems which
might have arisen if the renovation of the MITR-I had been
the chosen alternative.
The MITR-I was also limited in reactor fuel handling
and core access. Refueling and core access was only avail-
able through a double plug arrangement above the core and
thus, refueling was performed in the blind. Incore irradi-
atior% n,414-4 facilitieswee li T me in 4 ze as t7m o w%vhat4 ould 1 fit
through a fuel element hole in the lower shield plug. The
complexity of incore refueling and maintenance increased
personnel radiation exposure and required a high inventory
of radioactive hardware.
The neutron flux density and the neutron energy spec-
trum for the MITR-I were less desirable than competing
facilities. The flux distribution for the MITR-I is de-
scribed in the following section.
1.2.3 Thermal Neutron Flux Distribution
The thermal flux distribution across the MITR-I core
is shown in Fig. 1.2-3. The peak thermal flux was approx-
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imately 1.2 x 1014 n/cm2 -SEC which occurred at the center
of the core. The peak thermal flux that was usable by beam
port experimenters at the core tank wall was approximately
2 x 1013. Because the beam ports looked directly at the
reactor fuel elements, the beam port neutron flux had a
high first flight to thermal flux ratio which was not a
satisfactory condition for some experimenters. Since the
MITR-I was primarily used as a source of neutrons, its use-
fulness as a research tool was greatly dependent on the
magnitude and quality of the neutron fluxes at its experimen-
tal facilities.
1.3 MITR-II
The MITR-II is located in the same shielding and con-
tainment structure as the MITR-I. Many of the supporting
and process facilities are identical for the MITR-II when
compared to the MITR-I. The MITR-II is a heavy-water
reflected and light water cooled and moderated nuclear
reactor which utilizes flat plate-type, finned aluminum clad
fuel elements highly enriched in U-235. Like the MITR-I,
the MITR-II was designed to operate in a steady state mode
to powers of 5 thermal megawatts. Figure 1.3-1 shows a
cross sectional layout of the MITR-II. A new tank and
pool system was installed to replace the old tank and the
top plugs.
The core is located inside of two concentric tanks and
a core housing. The outermost tank is a 4 ft. diameter
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D20 reflector tank and is used to maintain a D20 level
for neutron reflection. The D20 system includes the
capability of rapidly lowering the D20 level in the reflector
tank for a rapid reduction of reactivity as an alternate
shutdown means. Re-entrant thimbles are included in the
reflector tank which act as extensions of the existing
beam ports into the high flux region directly beneath the
reactor core.
The core tank holds the primary system light water and
the core housing assembly. The water surface level at the
top of the core tank pool is maintained close to atmospheric
pressure and thus, the entire system is operated at low
pressures. Heat generated in the core is removed by forced
convection. H20 coolant enters the reactor through the
inlet plenum into the annular region between the core tank
and the flow shroud. It then flows downward in this annulus
until it reaches the bottom of the core housing where it is
directed upward through the fuel elements into the water
pool above the core. At a water level near the inlet pipe
level, the water discharges out the exit plenum. Siphon
breakers and natural convection valves which are maintained
in the closed position by primary pump pressure, open auto-
matically upon loss of flow to prevent siphoning of water
out of the core tank in the unlikely event of a pipe break
and to allow natural circulation cooling of the core.
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The fuel is arranged in a compact core configuration
in the core housing assembly which is at a higher elevation
than the MITR-I core. The fuel elements are held in place
by a rotating upper grid. The control blades come down
around the outside of the core and are effective by cutting
off thermal neutron transport between the reflector and the
core. In the initial design of the MITR-II, the control
blades were made with cadmium in an aluminum sandwich.
There are six control blades and one regulating rod in
the MITR-II.
The graphite reflector and radiation shielding for
the MITR-II are very similar to the MITR-I configuration. The
exceptions are a little additional graphite beneath the
reflector tank and the modified upper shielding around the
top of the core tank pool.
1.3.1 Core Arrangement and Operation
Fuel elements are arranged in a compact core arrange-
ment as shown in Fig. 1.3-2. The core is a hexagonal
cylinder about 15 inches across the flats formed by 27
rhombic fuel element positions. Fuel elements may be loaded
into any of three concentric rings; A, B, and C. The posi-
tions are numbered around the ring in a clockwise fashion
with the number one position in each ring being the first
position which is clockwise of a line drawn between the core
center and regulating rod. Figure 1.3-2 shows the number
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designation for each fuel position. The inner ring
(ring A) contains 3 element positions, the middle ring
(ring B) contains 9 element positions and the outer ring
(ring C) contains 15 element positions.
The upper portion of the core is poisoned by fixed
absorbers which are attached to the absorber spider which
is part of the core housing assembly. A vertical cross
section through the core showing the fixed absorbers is
shown in Fig. 1.3-3. The absorber spider separates the core
into four regions as shown in Fig. 1.3-2. The fixed ab-
sorbers in the spider depress the power in the upper half
of the core and make the active core to be about 12 inches
or about one half the fueled length of an element. The
fact that the compact core is undermoderated combined with
the poisoned upper core results in peak thermal fluxes
occurring at the lower edges of the core.
A fueled element is shown in Fig. 1.3-4. The element
is rhombic in shape and composed of fifteen flat fuel plates.
Each plate contains a core of highly enriched uranium in the
form of U-Al cermet which is clad with aluminum. The
fuel plate surfaces are finned in order to increase the effective
heat transfer area. The increase was needed because
the compact core generates the same total power as the
MITR-I, but has a smaller fuel plate surface area in the
active core and greater power spiking than the MITR-I. Each
element has a uniform loading of approximately 445 grams of
beam port
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U-235. All elements have a nozzle at each end and the
elements are completely reversible in the core allowing
either end to be down.
Irradiation facilities may be positioned incore by
filling one or more fuel positions with the experimental
facility. The incore facility must be designed to prevent
unacceptable reactivity or power peaking conditions. An
Incore Sample Assembly (ICSA) shown in Fig. 1.3-5 was
designed to fill a central element position in the original
core. This particular design proved to cause unacceptable
power peaking.
The core was designed to burn the lower half of the
elements. The upper half of the elements were intended to
be protected from burnup by the fixed absorber and the
control bladeq outside of the elements. Whpn i-hp lower
half has been used to an appropriate life, the element may
be inverted, or flipped, and placed in the same or different
ring. The already depleted uranium in the top half of the
flipped element will also help to hold the flux into the
lower portion of the core. Fuel elements may be flipped or
exchanged in such a manner as desired to give the proper
burnup, reactivity, and power peaking arrangement.
1.3.2 Advantages of the MITR-II
The MITR-II was constructed because of improvements
in research capability, safety, and operations over the
previous reactor. The MITR-II provides a higher source
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intensity for neutron beam experiments and an increased
ratio of thermal flux to first flight fast neutrons. This
is possible because of reentrant thimbles which extend
into the high flux region beneath the core and because the
core was raised so that the beam ports no longer look
directly at the fuel. The new reactor has a higher fast
flux in the core for fast flux irradiations and an improved
and more flexible neutron beam in the medical therapy room.
The pool type design gives more flexibility in designing
incore irradiation facilities.
The MITR-II is a safer facility because of the com-
plete replacement of the core tank and core structures with
new, corrosion free, unirradiated materials built to meet
current code and quality assurance requirements. The
shutdown and emergency cooling system is better for the
MITR-II and the back up reactivity shutdown by dumping
the D20 is separated from the core cooling system. The
review and modification process has helped upgrade the
entire facility.
Refueling and maintenance are simpler on the MITR-II
than they were on the MITR-I because of the pool design.
Direct view of core components make surveillance inspections
easier. Lower radiation exposure of maintenance personnel
is expected with the MITR-II.
1.3.3 New Core Limitations and Problems
Constructing a unique facility means that one is
starting at the beginning of the learning curve. The
unique design has led to various shakedown difficulties
and added expenses. Startup problems have proved to be
both frustrating and educational.
The light water moderated MITR-II is more susceptible
to power peaking difficulties than the MITR-I. Because
the core is undermoderated, power peaks occur at the core-
reflector interface or anywhere an abundance of moderator
is near the fuel, such as corner holes in the core housing
assembly or the coolant channel in the original design of
the ICSA. Power peaking must be carefully considered in
the following:
1) High control blade positions
2) Refueling proposals
3) Irradiation facilities.
CHAPTER 2
OBJECTIVES
The primary objectives of this work are as follows:
1) To determine experimentally and analytically
neutron flux, core power, temperature and
coolant distributions of the MITR-II,
2) To relate the predicted distributions to the
measured distributions,
3) To evaluate the limiting operating conditions
for initial cores of the MITR-II,
4) To recommend the procedures to be used for
the establishment of the limiting operating
conditions after future refueling operations.
These objectives were accomplished as a part of the
completion of the final design, construction, and startup
of the MITR-II.
2.1 Core Distributions
As described in Chapter 1, the MITR-II is a unique
reactor. The power and flux distributions are far from
typical "classical" distributions found in many reactors.
Because of this uniqueness, it is especially important to
accurately evaluate the core temperature, power and flow
distributions. By determining core wide distributions,
it is possible to be certain that the most conservative
case is being analyzed in evaluating the operating and
safety limits.
A best estimate of a distribution was determined by
analytical calculations or by scale model testing. Then
the following means were employed to empirically measure
core-wide distributions in the completed MITR-II for
comparison with the original best estimate:
1. Neutron flux and core power mapping
A. Gamma scanning of removable fuel plates
B. Flux wires
C. Self-powered incore detectors
2. Flow mapping
A. Establishment of relative fuel element
flow rates by differential measurements
using an above core flow meter assembly
B. Channel flow measurements of an individual
element
3. Temperature mapping
A. Thermocouple instrumented fuel plates
B. Thermocouples on assembly outlets
The experimental and analytical results were compared to
determine both the accuracy of the prediction method and
areas where the prediction method could be improved.
Chapters 4, 5, 6, 7, and 8 describe the calculated and
measured core-wide distributions for the initial MITR-II
cores. Chapter 10 is a summary of the distributions and
gives a discussion of the agreement between predictions
and measurements.
2.2 Safety Limits and Operating Conditions
The design of the MITR-II core has been made with
emphasis on safe and useful operability. As part of the
startup program for the MITR-II, the safety limits and
limiting conditions for ooeration must be evaluated in
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order to prove the validity of the design analysis. The
values of several core factors with an estimate of their un-
certainty must be determined in order to evaluate the safety
limits and limiting condition for operation. The factors
to be evaluated are defined as follows:
Ff is the fraction of primary flow cooling the fuel,
d is the flow disparity, the ratio of the minimum
expected flow in the hot channel to the average
channel flow,
Fr is the ratio of channel power to the average
channel power,
Fa is the peak power per unit volume in the plate
relative to the average power per unit volume
in that plate,
Z is the ratio of the power released into the
channel between the inlet and the hot spot to
the total power released into that channel.
Chapter 7 contains the safety limit evaluation of the
initial cores of the MITR-II.
2.3 Future Procedures for Determining Operating Conditions
It would be an unacceptable burden to perform a large
scale experimental program with each reactor refueling.
Consequently, a procedure for evaluating the safety limits
of future MITR-II cores must be developed. Section 7.5 lists
a proposed procedure for future evaluations and Chapter 10
also gives a summary of the results.
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CHAPTER 3
CONVERSION FROM MITR-I to MITR-II
3.1 Conversion Schedule
When the idea to replace the MITR-I with the MITR-II
was first conceived it was estimated that it would take
six weeks to complete the project. The first actual con-
struction schedule indicated that the conversion would take
three and one half months. In the end, it took fourteen
months to obtain a critical reactor after shutting down the
MITR-I. A chronological listing of highlights during
the conversion is shown in Table 3.1-1. The variance
between original estimates and actual required time was
caused by an underestimation of the conversion difficulty
and by several conversion problems.
3.2 Major Conversion Problems
An overiding concern in all projects is lack of
money and difficulty in completing the project within the
originally scheduled time. The conversion to the MITR-II was
no exception to this rule. The actual problems seemed
magnified at the time because of financial limitations and
not necessarily because of difficulty of the technical
solutions. In all cases, a conservative solution was
applied to the problem, once the problem was recognized.
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TABLE 3.1-1
MITR-II CONVERSION SCHEDULE
February, 1973
April, 1973
May, 1973
July, 1973
September, 1973
November, 1973
December, 1973
January, 1974
April, 1974
May, 1974
June, 1974
July, 1974
September, 1974
November, 1974
December, 1974
January, 1975
March, 1975
April, 1975
June, 1975
July, 1975
August, 1975
Final decision to proceed with MITR-II
Construction permit issued
Contracts signed for tanks and core
housing
Contracts signed for shielding
Contracts signed for control mechanisms
Completed initial lattice modification
Modified medical H20 shutter system
Problems found in first core housing
casting and delay in core tank
delivery
Shielding and control rods shipped
to M.I.T.
Core tank shipped to M.I.T.
Shutdown MITR-I
Reflector tank shipped to M.I.T.
Dismantled MITR-I
Completed dismantling MITR-I
Documentation review of MITR-II tanks
Contracts signed to build weldment
core housing
Reflector Tank installed
Assembled core tank components except
for core housing
Installed core tank
Completed primary piping
Perform system hydro tests
Installed shielding
Core housing and control blades
installed
Pre-operational tests completed
Initial criticality achieved
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However, conservative solutions are not necessarily the
fastest or least expensive, which added to the financial
burden.
Delays and problems during construction do not reflect
upon the safety of the MITR-II. The MITR-II conforms to
the requirements of its Technical Specifications and
Safety Analysis Report. The reason for listing conversion
problems here is to provide a reference for some of the
occurrences during construction.
3.2.1 Lack of Quality Assurance Group
The MITR-II was constructed by the same group of
people that had operated the MITR-I successfully for many
years. This group was familiar with the facility as it
had previously existed and with the necessary radiation
procedures. Lack of skills and experience in construction
was expected to be secondary to the necessity to be
familiar with the reactor physical plant. Time would
have been required to train construction workers and still
in the end both construction workers and operating
personnel would be on the payroll. The exception to the
above is the case of an independent quality assurance
group. The purpose of quality assurance is to provide
adequate documentation that a system, structure or com-
ponent will perform satisfactorily in service and in
conformance with Safety Analysis Report and Technical
Specifications requirements.
__ - kft"§A!M --
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The Nuclear Regulatory Commission is responsible
for enforcing Title 10, Chapter 1, Code of Federal Regula-
tions. Part 50, Appendix B of the above regulations explains
the quality assurance criteria for nuclear power plants
and fuel reprocessing plants. Construction of the MITR-II
was required to meet the intent of this section. During
final operation of the MITR-I, a quality assurance program
was developed which was expected to carry over to the
construction phase of the MITR-II. The group was too
small to assign separate individuals who would be solely
devoted to quality assurance requirements. Given the
limited resources of the operating group and the numerous
demands on time, quality assurance documentation was not
given high priority. The problem was compounded by the
initial infrequency of Nuclear Regulatory Commission (NRC)
inspections with respect to the construction schedule, which
allowed much to occur without an explanation of what was
truly desired by the NRC.
Much concern and action had gone into assuring the
safety of the MITR-II, but some documentation was poorly
organized or incomplete when compared to power plant
standards. As a result, the MITR-II staff was criticized
on the implementation of their quality assurance plan. To
improve this situation, the Stone and Webster Engineering
Corporation (S&W) was retained as an outside consultant.
Stone and Webster is a large engineering firm with con-
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siderable experience in constructing nuclear power plants
and satisfying NRC requirements. S&W provided the nec-
essary experience in quality assurance matters and provided
an independent quality assurance consultant for the com-
pletion of the construction phase of the MITR-II.
At no time was the MITR-II staff intending not to
live up to its quality assurance commitments, but an initial
desire to save resources by not having an independent full-
time quality assurance group resulted in construction
schedule slippage and considerable expense in the end.
Given present NRC regulations, future conversion projects
should consider an independent, full-time experienced
quality assurance group as necessary as any items of
hardware.
3.2.2 Lack of Knowledge Concerning MITR-I Field Dimensions
The MITR-I was constructed in the 1950's and at that
time there were few formal requirements for quality
assurance and record keeping. Timely installation of
several MITR-II components was dependent upon field dimensions
agreeing with recorded print dimensions. Tight assembly
tolerances allowed little room for error.
In several cases, the field dimension differed enough
from the expected dimension to create installation problems,
i.e., the components would not fit without being reworked.
Operation of the MITR-I had precluded verifying these field
dimensions prior to component fabrication.
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Installation of the D 20 reflector tank and the primary
system aluminum transition pipes was delayed several months
by difficulties caused by inaccurate field dimensions.
These components had to be trial fitted several times prior
to final installation. Several other components would not
fit the first time, but they resulted in much shorter delays.
The source of the problem was in expecting the field
dimensions to be correct in the first place. A program
of trial fitting was planned but this was more to verify
the expected dimensions rather than determine the actual
dimensions. Initial construction should have been planned
to work around critical dimensions until they were determined.
It is questionable whether such a program would have saved
much time but it would have saved some expense. Future
conversions of existing facilities should in so far as
possible avoid reliance on existing field dimensions until
they can be verified.
3.2.3 Difficulty with Aluminum Fabrication
Fabricating numerous components out of aluminum proved
to be more difficult than expected. Problems were encountered
in aluminum casting, corrosion prevention, weld radiography,
welder certification, and dimensional stability. The MITR-II
primary and D20 systems are expected to be high integrity
systems and as such, defects were not accepted during con-
struction. Tight dimensional tolerances were required to
allow the compact reactor core to operate as designed.
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Aluminum fabrication to tight tolerances and low defects
proved to be time consuming.
The MITR-II core housing assembly was first made from
a 356-T6 aluminum casting. This alloy was first chosen
because of its corrosion resistance and low neutron ab-
sorption. Problems arose because the casting process
entrains a certain amount of impurities and porosity into
the cast metal. Machining the casting to final dimensions
revealed these deficiencies. The first casting obtained
was rejected because of excessive porosity. Several other
castings were made by a different manufacturer until one
was obtained, which according to radiographs, was acceptable.
Upon machining, this casting also revealed defects which
required repair. During a weld repair of one of these
defects, the casting cracked at a point where consider-
able weld material had been machined away. As a result
of difficulty with obtaining a large acceptable casing
the final core housing was fabricated using 6061-T6
aluminum plate.
Considerable effort was required to prevent unaccept-
able levels of corrosion in the aluminum components. Pro-
tection against contamination by halogens and various
heavy metals was necessary. Water in the system required
constant cleanup and Ph control to prevent corrosion.
This requirement complicated the need to have various
systems partially filled with water for radiation shield-
ing.
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Butt welds which could not be inspected inservice or
during system hydrostatic tests were required to success-
fully pass weld radiography. In the Boston area there was
little experience with preparing and testing radiograph
acceptable aluminum joints. As a result, weld radiographs
were compared with the requirements of other common metals
that are used to fabricate pressure vessels. Considerable
time and expense was required to learn how to make aluminum
joints that could pass a stringent radiograph criteria.
In the same manner that it was difficult to obtain the
expertise to make radiograph acceptable weld joints, it
was difficult to have welders obtain certification on
aluminum joints. Since welding was performed in the field
and not on a production line, the welders had to be certi-
fied for all positions, a range of material thicknesses, and
several aluminum alloys. Several procedure steps, which
would be standard in production welding and would make
certification easier, had to be omitted because of re-
strictions in field welding.
Welding on aluminum components results in some initial
distortion during welding and additional distortion with
time as the welding stresses relieve. Considerable attention
to this problem was required during fabrication to assure
that the final product would meet tight dimensional tol-
erances. Machining after welding was often required to
make up for distortion during welding. Credit for
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structural strength anywhere in a component could only be
taken for aluminum in the welded condition because of
large decreases in strength of aluminum from welding
and the large heat affected weld zone in the component.
Considerable time was spent learning to deal with
aluminum because of its desirable properties in a neu-
tron efficient research reactor. Other metals would have
been more forgiving could they have been employed.
3.2.4 One of a Kind Fabrication
The MITR-II is an original fabrication which was
built to replace another original fabrication, the MITR-I.
Progress was hindered by being at the beginning of the
learning curve. The cost and time for mistakes, procedure
generation, and experience gathering could not be amortized
over several units. Many of the major problems which
occurred were merely the first trial in an attempt to
build a satisfactory end product. Choices of fabrication
techniques, material, and assembly procedures would cer-
tainly be much easier on a second conversion project.
Several construction problems could have been
avoided if the manufacturer were made more familiar with
the design intent and assembly requirements of the com-
ponents being fabricated. In future conversion projects,
more emphasis should be placed on familiarizing the
fabricator with the total project. As a minimum require-
ment, the fabricator should draft his own shop drawings.
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3.2.5 Preventing Loss of Neutron Economy
Being a research reactor, optimal neutron economy
is extremely important to the MITR-II. Thought was
given to the choice of materials used in the reactor to
limit neutron parasitic capture, as well as, to the de-
sign and assembly of reactor components. Boron or cadmium
contamination was prevented by assuring minimum concentra-
tions in source materials and thorough cleaning prior to
installation. Attention to neutron economy led to the
use of a casting material for the first core housing and
it was only with reluctance that a higher absorption
material was finally used. Field dimension errors led to
some misalignment between the re-entrant thimbles to the
reflector tank and the reactor beam ports which took time
to determine and to achieve the optimal alignment.
Neutron economy was important to the eventual util-
ization of the facility and time spent on its optimization
was time well spent. The problem was that some compro-
mises required to obtain a safe functioning reactor seemed
to have an adverse effect on neutrcn economy.
3.3 Fuel Loading
Fuel loading into the core of the MITR-II reactor
began on July 30, 1975. A plutonium-beryllium neutron
source was positioned in the center of the core and fuel
elements were loaded one at a time, symmetrically around
6o
the source. All nuclear instrumentation was around the
core in the graphite reflector region. Neutron count rates
were measured with all control blades inserted and all blades
withdrawn prior to loading each fuel element. The neutron
count rates were used to determine the amount of subcritical
multiplication and thus, predict when the reactor would
become critical.
Subcritical multiplication is defined as the ratio
of the total neutron flux, due to both the source and
fission neutrons, to the flux due to the source only
(Ref. 3.3-1). The steady state multiplication of neutrons
in the core can be represented by:
Measured Count Rate , 1
Source Count Rate 1- K , (3.3-1)
eff
where Source Count Rate is the count rate obtained from the
source alone and the Measured Count Rate is the measurement
of the count rate with fuel in the core. The count rates
were measured by four channels of nuclear instrumentation
surrounding the core. For Eq. 3.3-1 to be true, Keff must
be less than one, i.e., tie reactor is subcritical. As
additional fuel is loaded and the reactor approaches crit-
ical, Keff tends to unity, and the multiplication becomes
infinite. In order to determine the actual critical loading,
the reciprocal of the count rate is plotted against the num-
ber of fuel elements loaded (all fuel elements have approxi-
mately the same uranium loading). The plot is extrapolated
0
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to the zero value of the reciprocal multiplication, i.e.,
infinite multiplication, to give the critical loading of
the core. Count rates were obtained with control blades
fully inserted and with blades fully withdrawn in order to
determine the critical loading with blades full in and
blades full out.
Fuel loading was carried out with the reactor coolant
systems shutdown and bypassed. Prior to each day of fuel
loading, coolant was circulated to sweep out any bubble
buildup in the core from oxidation of newly inserted aluminum
clad fuel elements. Each position contained a water filled
dummy element which would be replaced by an enriched uranium
loaded element. One central element position was occupied
by the neutron source.
3.3.1 Core I Initial Criticality
On August 14, 1975, the MITR-II reactor went critical
for the first time. The plot of reciprocal multiplication
versus fuel loading for the first critical loading is shown
in Fig. 3.3-1. The reactor went critical with twenty
fuel elements loaded which was considerably less than the
twenty-seven positions available for fuel. The shim bank
worth was smaller than expected and was only worth approx-
imately 8.5% AK/K. The reactor had gone critical with less
fuel than expected and consequently had six water filled
fuel positions and one position containing the source
upon initial criticality. Figure 3.3-2 shows the core
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configuration for initial criticality.
Because of the small control bank worth, only one
additional element could be added to the core without
exceeding the shutdown margin required by the Technical
Specifications (the reactor must be subcritical by at
least 1% AK/K with the most reactive shim blade and the
regulating rod fully withdrawn). A twenty-one element core
(with 445 grams of U235 loading per element) would be
unacceptable for long-term operation, because the reactor
would not have sufficient excess reactivity for overcoming
xenon and fission product poisoning, the empty fuel posi-
tions would allow too much bypass flow, and the power peaking
would be unacceptable. The problem was caused by the
large amount of water in the core in the empty fuel posi-
tions. The control blades are effective because they block
thermal neutrons in the reflector from re-entering the
core. The core should operate somewhat undermoderated and
thus, depends on the reflector as a source of thermalized
neutrons. Having excess light water in the core results in
sources of thermalized neutrons in the core that decrease
the worth of reflector neutrons. For the condition of the
near fully loaded core, water in the core is worth more for
its moderating value than its negative absorber effect.
In order to load more fuel into the reactor core two
measures were considered. First, the height of the fixed
cadmium absorber in the central spider could be lowered and
F I G. 3.3-2
CORE CONFIGURATION FOR INITIAL CRITICALITY OF CORE I
REGULATING ROD
A - 445 gram U 25fuel element
O0- water filled dummy element
G - incore sample assembly
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second, several fuel element positions could be filled with
solid aluminum dummies to displace water in the core. Several
computer calculations were made using a CITATION code three-
dimensional model (CITATION model and results are discussed
in Section 5.2.3). These calculations showed that power
peaking was less adversely affected by lowering the fixed
absorber than it was by increasing the number of solid dummies.
As a result, the fixed absorber was lowered four inches and
three solid dummies (see Fig. 3.3-3A for detail of solid
dummy loaded in Core I and Fig. 3.3-3B for detail of addi-
tional solid dummies loaded into Core II) were loaded into
the core for a seond criticality loading.
3.3.2 Core I Second Criticality
The plot of reciprocal multiplication versus fuel
loading for the second loading is shown in Fig. 3.3-4. The
reactor went critical with a loading of twenty-two active
fuel elements, three solid dummy elements, and one sample
assembly containing a neutron source.
The shim bank worth increased to approximately 14% AK/K.
Figure 3.3-5 shows the core configuration for the second
criticality.
Two additional active elements were loaded and one
solid dummy was unloaded. The core loading at the begin-
ning of power distribution measuring consisted of twenty-
four active elements, two solid dummies, and one incore
sample assembly. The neutron source was moved from an in-
core position to a position in the graphite reflector. Chapter
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5 contains the power distribution measurements for Core I.
3.4 Fuel Loading for Core II
On February 9, 1976, during an attempt to remove a
fuel element from the reactor core it was discovered that
numerous fuel elements were not movable. Approximately
two-thirds of the reactor fuel elements were stuck in
the core because the cadmium fixed absorber sandwiches
were swollen beyond acceptable tolerances for the compact
core arrangement. The absorber sandwich expansion was
not unexpected because of a control blade sandwich
swelling which occurred several weeks earlier. The
mechanism that has been hypothesized to have caused the
swelling was based on leakage of the cadmium sandwiches.
The fixed absorber sandwiches were composed of a cadmium
sheet (0.040 inches) sandwiched between two aluminum plates
that are seal welded around the outside edge in order to
seal the cadmium inside. Figure 3.4-l shows an idealized
version of the cadmium swelling mechanism. Water leaked
into the sandwich through small cracks in the seal weld.
The water corroded the cadmium which yielded a supply of
corrosion products inside the sandwich. Hydrogen from
the corrosion process, and/or radiolytically decomposed
water built up a slight gas pressure inside the sandwich.
As the gas attempted to escape from the sandwich via the
weld leaks, corrosion products were carried into the cracks
and plugged the original water leaks, As the gas pressures
71FIG. 3.4-
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continued to build up, the cadmium sandwich swelled. The
flat plate structure of the sandwiches meant that only
low pressures (-'l to 3 psig) were necessary to cause
unacceptable amounts of swelling in the fixed absorbers.
As a result of the fixed absorber swelling, it was
necessary to remove the fixed absorbers in order to pre-
vent damage to the fuel elements. The reactor fuel was
successfully unloaded and then the swollen fixed absorbers
were removed. In order to continue service to the experi-
menters during the time it took to develop an alternative
fixed absorber, calculations were performed to evaluate
operating the reactor without any fixed absorber.
3.4.1 Core Loading Arrangement
In order to counter balance the positive reactivity
effect of removal of the fixed cadmium absorbers, Core II
was designed to contain fewer fuel elements and more
solid dummies. The initial core arrangement was expected
to contain 6 solid dummy elements and 21 fully loaded
elements. CITATION calculations were made to determine
the desired core reactivity level and perform preliminary
power peaking analysis. Figure 3.4-2 shows the core load-
ing arrangement that was initially predicted to be the
eventual Core II loading. The MITR Safeguard Committee
reviewed the planned operation without fixed absorbers and
permitted initial fuel loading.
(
F I G. 733.4-2
PROSPOSED SIX DUMMY CORE WITHOUT FIXED ABSORBERS
REGULATING ROD
- 445 gram U235 fuel element
- solid dummy element - type A
- solid dummy element - type B
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3.4.2 Criticality
On March 9, 1976, the reactor went critical with 20
fuel elements loaded. Figure 3.4-3 shows the initial
critical loading with no fixed absorbers in the core.
Figure 3.4-4 shows the l/M plot for the approach to
critical for Core II.
The reactivity worth of removal of solid dummies from
B-ring positions B-2, B-5, and B-8 was estimated to be
close to 1.8% AK/K. In order to decrease the worth of
solid dummies in the B-ring and in order to minimize the
power peaking effect of the water gap caused by removal
of the fixed absorbers, the B-ring solid dummies were
loaded into positions B-3, B-6, and B-9. By placing
solid dummies in these B-ring positions and because of
the "notch-up" plate arrangement, no single plate would
be directly against the water gap caused by removal of
the fixed absorbers. Figure 3.4-5 shows the plate and
dummy arrangement for one section.
In order to lower the shim bank height to prevent
unacceptable peaking effects in the upper portion of the
core, a fuel element was loaded in position A-l replacing
a solid aluminum dummy. The final Core II loading arrange-
ment is shown in Fig. 6.1-l. Chapter 6 contains the power
distribution measurements for Core II.
FIG. 5.4-3
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CHAPTER 4
PRIMARY COOLANT FLOW DISTRIBUTIONS
Coolant flow distributions in the MITR-II are dis-
cussed in this chapter. Section 4.1 describes the flow
tests that were performed to evaluate the design of the
MITR-II core tank. Section 4.2 describes flow tests on
MITR-II fuel elements. The fuel position relative flow
measurements for Core I are described in Section 4.3 and
the bypass flow measurements for Core I are described in
Section '.4. Flow distribution results for Core I are
summarized in Section 4.5. Section 4.6 describes the flow
distribution measurements and results for Core II.
4.1 Design Flow Tests
Flow tests were performed as an aid in determining
and evaluating the flow characteristics of the initial
and final designs of the MITR-II. The flow tests used
to determine the core tank bottom shape are described
in this section.
4.1.1 History
In the fall of 1969 an experimental test stand was
operated at the M.I.T. Reactor site to study hydraulic
and vibration characteristics of the core and tank assembly
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of the proposed reactor modification. The test stand
design was based on the initial core design and was a
full scale model capable of operating under full coolant
flow conditions. Initially, the program was intended to
determine flow resistances and distributions throughout
the inlet plenum and fuel matrix. In later tests, a
fully operating control blade assembly was added to
measure vibrations and drop times under full coolant
flow perturbations.
The test stand was operated from the reactor second-
ary coolant pumps, so that runs had to be scheduled during
reactor shut-down periods. Because of this limitation, a
quarter size model was simultaneously tested in the labor-
atory and these results were then used to prepare and to
supplement full scale tests. A sketch of the full size
test stand is shown in Fig. 4.1-1.
During February, 1970, a full scale assembly of the
initially proposed finned plate fuel element was tested
under simulated operating conditions. The total pressure
drop across the assembly and the individual fuel channel
pressure drops were measured at various flow rates up to
120% of 5 MW operating flow. The results of these tests
are summarized in Section 4.2.1 and a sketch of the test
system is shown in Fig. 4.1-2.
In the summer of 1.970, it was discovered that for
criticality reasons the proposed core diameter had to be
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increased. At the same time design studies were made to
reduce the inlet plenum volume to a minimum. These design
changes negated all data collected prior to that point. It
was decided to modify the existing test stand to reflect
the design changes at a reduced scale rather than completely
rebuild the facility to the new full size. The resulting
model was about 80% of the expected final size. The size
difference was considered trivial when scaling factors were
used. This assumption was confirmed by good correlation
between the quarter size test stand results and the larger
unit results. The final design of the inlet plenum was based
on this second series of tests.
4.1.2 Test Program and Limitations
The mock-up test program led to the gradual develop-
ment of the lower core tank shape, arrangement of the flow
deflectors, and lower plenum gap (distance between core tank
and bottom of lower grid), which resulted in the optimal
fuel element flow distrbution. Initial testing was per-
formed on the quarter size model, in order to minimize the
number of variations on the 80% full size test stand.
The larger hydraulic test loop consisted of two
reactor secondary system pumps in series with two second-
ary system booster pumps, the test stand, and the cooling
tower basin. The system is shown in Fig. 4.1-1. The
hydraulic measurements were made by calibrated bourdon
gages at the test stand inlet and matched impact pitot
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tubes in selected fuel element positions. Total flow was
measured by a calibrated orifice in the main secondary
coolant pipe. Fuel elements were simulated by using
orificed tubes in the test stand.
The major differences between the test stand mock-up
and the actual core are:
A) Test stand was 80% of full size which results
in dependence on accurate scaling factors,
B) Fuel elements are simulated by orificed tubes,
C) The static head of water over the core was
four feet instead of the actual eleven feet,
D) The inlet flow to the shroud in test stand
was at two locations 180 degrees apart
rather than at one location.
4.1.3 Test Summary
The flow distribution for the test which most closely
resembles the actual core is shown in Fig. 4.1-3. The
flow deflectors and plenum shape are the same for the
test case and actual case. The plenum gap for the test
case was 9/64 of an inch and for the actual core the plenum
gap is 10/64 of an inch.
The minimum flow to an element position is 7% less
than the average element position flow. Consequently, in
the MITR-II Safety Analysis Report, the factors for increases
in the enthalpy and film temperature differences were taken
to be 1.08 and 1.06, respectively.
FlG. 4.1 -3
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4.2 Fuel Element Flow Tests
Fuel element flow tests were performed to evaluate the
mechanical stability and coolant channel flow disparity of
MITR-II fuel elements.
4.2.1 Summary of Design Fuel Element Flow Tests
In 1970, a full scale assembly of the initial design
of the finned plate fuel element was tested under simulated
operating conditions. The test loop setup is shown in
Fig. 4.1-2. The final design of the fuel element was dif-
ferent from the design tested so the specific results of the
test are not applicable. The following general results
were found:
A) The pressure drop across the new fuel element
design can be calculated accurately using the
standard Darcy formula,
B) The individual channel flows for all interior
channels were within 3.5 percent of each other,
C) The simulated outer channel between two fuel
elements had a much higher flow rate than in-
terior channels,
D) The simulated outer channel between a fuel
element and core housing wall had a 30% lower
flow than an average interior channel, but
this channel is required to remove heat from
one side of a fuel plate where all the other
channels cool two sides.
4.2.2 Dummy Element Flow Test
In 1974, a non-fueled element, constructed in an
identical manner and by the same vendor as all of the fuel
elements for the first core of the MITR-II, was flow tested.
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The primary concern of this test was to check the dimensional
stability of the fuel element under varying flow conditions.
In addition, the test was used to determine variations in
flow velocities between channels of the element and to
measure the pressure drop across the element.
The fuel element test loop is shown in Fig. 4.2-1.
The element tested was "Non-Fueled 001" which was constructed
by Gulf United Nuclear Fuels (GUNF) in New Haven, Connecticut.
Bourdon tube pressure gages were used to measure the pressure
drop across the fuel element. Three pitot tubes were used
to scan the discharge of the clement across the left, cen-
ter, and right of the end discharge as shown in Fig. 4.2-2.
Impact pressures on the pitot tubes were measured using a
water manometer. Flows rate variations were obtained by
throttling the discharge of a 100 gpm capacity centrifugal
pump. Flow was measured by a rotameter on the pump dis-
charge. A bypass of the test section was throttled to
provide back pressure.equivalent to the static head at the
discharge of the actual core.
The test section was-constructed to provide the same
space for the fuel element as would be provided by sur-
rounding fuel elements in the core housing. The flow
direction in the inlet plenum is the same as the actual
case. The lower grid and top grid plate openings were
also identical to the final housing. Upon discharging
from the upper grid opening, the water in the test loop
CF I G. 4.2.-1
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also underwent a sudden expansion.
To limitations on the accuracy of the test mock-up
are the absence of element to element flow via gaps in the
fuel element end nozzles and inaccuracy in modeling the lower
inlet plenum.
4.2.3 Mechanical Stability of Fuel Element
The mechanical stability of a dummy fuel element was
tested in the fuel element test loop. The element,
"Non-Fueled 001", was dimensionally checked at GUNF and
channel width measurements were made for each fuel element
coolant channel prior to flow testing. During this initial
measuring, GUNF found some local channel positions that
were close to exceeding the channel width tolerance. GUNF
reworked those channels by bending to bring them well with-
in the channel tolerance. The dimensions of the element
were checked at M.I.T. using a functional fit gauge.
The element was inserted into the test section and
subjected to the following flows:
A) Three hours at 120% operating flow (91 gpm),
B) Twelve cycles from 30 gpm to 90 gpm ,
C) Three hours at 100% operating flow (76 gpm).
After the test, the element still fit in the functional
fit gauge and was returned to GUNF to have the coolant
channel measurements repeated. Exterior measurements of the
element appeared to be unchanged after the flow test. Most
of the coolant channels underwent a uniform expansion of
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0.0005 to 0.002 inches; i.e., the plates expanded outward
from the center of the element. Coolant channels which had
been reworked because they were too large (and thus were
bent smaller) appeared to have returned to the pre-worked
conditions very quickly. The same trend was not true for
reworked channels that had been too small. No channel was
significantly smaller after the test.
Thus, there appears to be a small uniform expansion
of coolant channels during flow at the expense of the
channels between elements. The tests indicate the element
is mechanically acceptable with the added information that
channels reworked because they are too large will probably
return to the pre-worked size after coolant flow is
initiated.
4.2.4 Channel Flow Measurements
Relative channel flow measurements were taken using
impact pitot tubes shown in Fig. 4.2-3. After flow was
established, the pitot tube would be bled to remove any
air bubbles. While scans were being made with one pitot
tube, the remaining two tubes would be withdrawn into the
side wall. The pitot tube measured the impact pressure
directly at the discharge of each individual channel by
traveling in the gap between the fuel element plates and
the end nozzle and moving at a 90* angle to the plates.
Static pressure was measured at the same elevation as the
pitot tubes. The pitot tube was moved to the postion that (
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gave the peak impact pressure on the water manometer for
each channel discharge. Each pitot tube would measure
the impact pressure at one discharge location on each of
the coolant channels. By using three pitot tubes, three
locations for each channel were measured as shown in
Fig. 4.2-2.
Several initial tests were required to become familiar
with operating the test loop and to determine that an
on-line filter was necessary to prevent collection of
foreign material in the dummy element (the storage tank in
the test loop had not been used for a number of years
prior to this test). Complete tests were then made at
flows of 74 gpm and 85 gpm and results are shown on
Table 4.2-1. The values of Ah are the difference between
the impact pressure and the static pressure. The sub-
scripts on the values, i.e., Ahl, Ah2, and Ah3 , represent
the values for the left, right, and central pitot tubes,
respectively. For incompressible fluids, the following
equation is valid:
Ah ccV2, (4.2-1)
where,
V is fluid velocity.
Thus, the values of ,Jh shown in Table 4.2-1 are pro-
portional to the coolant channel discharge velocity.
Looking at Table 4.2-1, several conclusions can be
made. First, the central pitot tube yields a flow velocity
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TABLE 4.2-1
CHANNEL FLOW MEASUREMENTS DATA FOR LEFT, CENTRAL, AND
RIGHT MEASUREMENTS IN ELEMENT TEST LOOP
A =,& Ah
B = 2
c =-~V3
D =. 3D= 3
for pitot tube on left side of element outlet.
for pitot tube on right side of element outlet.
for pitot tube in center of element outlet.
C-D
~Dx 100 = % error between central
measurement and average.
Ah = inches of water on manometer.
Channels 1, 16 are outside half channels.
Channels 2 through 15 are interior channels.
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TABLE 4.2-1 (Continued)
Element Total Flow = 74.0 GPM
Channel #
1
16
2
3
4
5
6
7
8
9
10
11
12
13
14
15
A
4.53
5.0
4.85
5.05
4.9
5.05
4.80
4.90
4.85
4.80
4.24
4.36
4.24
4.47
4.74
5.0
B
4.37
4.18
4.86
5.08
5.11
4.80
5.01
4.86
5.11
4.79
4.29
4.57
4.35
4.32
4.80
4.18
C
4.47
4.47
4.69
5.20
5.0
5.15
5.10
4.95
4.80
4.90
4.24
4.47
4.36
4.58
4.80
4.47
D C-D x 100
D
4.46
4.55
4.80
5.11
5.0
5.0
4.97
4.90
4.92
4.83
4.26
4.47
4.32
4.36
4.78
4.55
+0.22
-1.8
-2.3
+1.8
0.0
+3.0
+2.6
+1.0
-2.4
+1.4
-0.47
0.0
+0.93
+5.0
+0.42
-1.8
Average Error = 1.6%
(
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TABLE 4.2-1 (Continued)
Element Total Flow = 85.0 GPM
Channel #
1
16
2
3
4
5
6
7
8
9
10
11
12
13
14
15
A
5.15
5.52
5.66
5.92
5.74
5.79
5.61
5.74
5.66
5.57
4.95
5.1
5.0
5.15
5.43
6.2
B
5.0
4.88
5.68
5.83
6.0
5.78
5.96
5.81
5.80
5.78
5.07
5. is
5.01
5.19
5.75
6.2
C
5.15
5.24
5.57
5.87
5.87
6.0
5.96
5.66
5.61
5.79
4.9
5.15
5.15
5.43
5.66
6.24
D
5.10
5.22
5.64
5.87
5.87
5.86
5.84
5.74
5.69
5.71
4.97
5.14
5.08
5.26
5.61
6.22
C-D x 100
D
+0.98
+0.38
+1.2
0.0
0.0
+2.4
+2.1
-1.4
-1.4
+1.4
-1.4
+0.19
+1.4
+3.2
+0.89
+0.32
Average Error = 1.2%
which is within a few percent of average of the three pitot 96
tubes and thus gives a good representation of the coolant
channel flow velocity. Second, the exterior channels,
channels 1 and 16 have a flow velocity which is about
10% less than the interior channels. Channels 1 and 16
simulate channels that would exist between a fuel element
and core housing wall. The significance of this lower flow
velocity is discussed in Section 4.2.5. Third, there
appears to be a large difference between the flows of the
individual interior channels.
Because of this large disparity between the interior
channel flows, an attempt was made to minimize (or average
out) effects caused by the test loop setup and flow
measuring apparatus. This was achieved by removing the
element and flipping it 180* and repeating the flow scan
with the central pitot tube. The data for the 0* and 1800
cases at 74 and 85 gpm are shown in Table 4.2-2. Note
that channel 4, for instance, is the same physical channel
in both 0* and 1800 tests but that its position in the
test loop would be different. Table 4.2-2 shows that the
average of the O* and 180* cases yields a much more uniform
interior channel flow velocity. The minimum channel flow
velocity is about 7% less than the average flow. Mean
values and standard deviations for the results are shown
on Table 4.2-2.
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TABLE 4.2-2
CHANNEL FLOW MEASUREMENT DATA FOR 0* AND 1800
ELEMENT MEASUREMENTS IN ELEMENT TEST LOOP
A =VAh 0  for measurements across center of element
outlet with notch end up.
B =Ahc-180* for measurements across center of element
18 0o outlet with notch end down.
CYhc-0O + Ahc- 18 0* average of notch up and notch
C 2 down measurements.
Ah = inches of water on manometer
Channels 1, 16 are outside half channels.
Channels 2 through 15 are interior channels.
Channel
1
16
2
3
4
5
6
7
8
9
10
11
12
13
14
15
TABLE 4.2-2 (Continued)
Element Total Flow = 74.0 GPM
# A B
4.47 4.75
4.47 4.63
Outside Channel
Interior Channel
4.69
5.20
5.0
5.15
5.10
4.95
4.80
4.90
4.24
4.47
4.36
4.58
4.80
5.05
Mean
4.58
5.01
C
4.61
4.55
4.94
5.07
4.88
4.94
5.12
5.05
5.12
5.20
4.66
4.87
4.90
5.06
5.08
5.31
Standard Deviation
0.042
0.163
98
(
5.18
4.93
4.76
4.72
5.13
5.15
5.43
5.50
5.08
5.26
5.43
5.54
5.35
5.57
TABLE 4.2-2 (Continued)
Element Total Flow = 85.0 GPM
# A B
5.15 5.39
5.24 5.24
5.57
5.87
5.87
6.0
5.96
5.66
5.61
5.79
4.90
5.15
5.15
5.43
5.66
6.24
5.91
5.74
5.31
5.41
5.51
5.47
5.88
6.31
5.91
6.08
6.25
6.32
6.15
6.40
Outside Channel
Interior Channel
Mean
5.255
5.77
Standard Deviation
0.021
0.224
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Channel
1
16
2
3
4
5
6
7
8
9
10
11
12
13
14
15
C
5.27
5.24
5.74
5.81
5.59
5.71
5.74
5.57
5.75
6.05
5.41
5.62
5.70
5.88
5.91
6.32
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4.2.5 Channel Flow Disparity
In Section 3.3.4.3.3 of the MITR-II Safety Analysis
Report, hot channel factors for channel dimensional
tolerances were derived. Differences in the channel
diameter give rise to small inequities in the flow dis-
tribution among the channels. These flow inequities led
to variations in the channel enthalpy rise and in the
film temperature difference. All uncertainties in the
film temperature difference are included in the heat
transfer coefficient and effectiveness uncertainty factor
(1.20) which is included in F in the MITR-II Technical
Specifications equation for evaluating the limiting
conditions for operation.
The uncertainty factor for the channel enthalpy rise
is included separately, both in the Safety Limit and
limiting conditions for operation, and is dependent on
the channel to channel flow disparity. Using channel
dimensional tolerances, the channel flow disparity can
be calculated (Ref. 4.2-2). The channel flow disparity
is defined as follows:
W min (AV)min Channel Flow Disparity, (4.2-2)
Wnom. nom
where,
W = channel mass flow rate,
A = channel area,
V = flow velocity.
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By assuming that entrance and exit losses are proportion-
al to friction losses within the channel, the channel
pressure drop can be calculated using the standard Darcy
equation:
D e2g (4.2-3)
For narrow rectangular channels De can be approximated
as 2d where d is the channel width, thus by equating
pressure between channels:
(fV) = ( minimum , (4.2-4)
dnominal minimum
channel channel
Where,
f is the channel friction factor.
For typical turbulent flows, the following relationship
for the friction factor holds:
f = (DV)-0.2  (dV) -0 .2 (4.2-5)
Combining Eqs. 4.2-4 and 4.2-5, the velocity ratio between
the minimum and nominal channels becomes:
V . d . 2/3
min mi~) . (4.2-6)
nom nom
Since A a d, the channel flow disparity becomes:
df W .n d .n 2/3 A . d . 2/3 d m d . 5/3
c Wd A d d d
nom nom nom nom nom nom
(4. 2-7)
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Based on the fuel fabrication specifications for the
MITR-II, the ratio d /d is equal to 0.955. Sub-
min nom
stituting this value into Eq. 4.2-7 yields the following
value of the flow disparity based on fuel channel
tolerances:
dfc = 0.926 . (4.2-8)
Using the results of the interior channel flow measure-
ments in Section 4.2.4, an experimentally determined
velocity ratio can be determined. Taking the average
flow velocity, subtracting two standard deviations, and
dividing by the average flow velocity gives a minimum to
average velocity ratio. The average of the ratios for the
74 and 85 gpm cases yields a velocity ratio of 0,929.
Thus, the channel flow velocity ratio based on a minimum
channel velocity that is two standard deviations less
than the average is:
V.
Vmin= 0.929 . (4.2-9)
nom
Combining the experimentally based value of the velocity
ratio with the area ratio based on fuel channel tolerances
yields the following value of the flow disparity:
V. A .df min min = (0.929) (0.955) = 0.887 (4.2-10)
c V A
nom nom
The experimentally based flow disparity yields a larger
disparity than the calculated disparity. Channel widths
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vary within the allowable tolerance along the channel
length. Because of these variations, it has not been
possible to correlate the experimental flow velocities
with actual measured channel widths. For the purpose
of evaluating the core performance, the experimentally
based value of channel flow disparity will be used, even
though it may only be the uncertainty in the flow measure-
ment methods that make it larger than the expected calcu-
lated value. No measured flow velocity was more than two
standard deviations less than the average. The flow dis-
parity was greater than the 1970 test because the original
test element was manufactured using tight tolerances and
the present test used a production line element.
The simulated exterior channels between the outer
fuel plate and core housing wall had a flow velocity
which was approximately 90 percent of the average interior
channel (see Table 4.2-2). The ratio of flow in an
exterior channel to an interior channel is:
W V . A
exterior 
_ exterior exterior 0.9 0.044 = 0.51
W. V. . A.0.7interior interior interior 0.078 (4.2-11)
Thus, the exterior channel has approximately 50% of the
coolant flow of an interior channel, but this channel is
required to remove heat from only one side of a fuel
plate whereas, the interior channels are required to cool
two sides. The 1970 test gave a higher exterior channel
flow, but it did not have proper nozzle openings for flow.
1o4
4.3 Fuel Position Flow Measurements for Core I
Relative flow measurements of the reactor core fuel
positions were necessary to determine the plenum chamber
flow disparity. The plenum flow disparity is defined as
the ratio of the coolant flow in the fuel element position
of interest to the flow in the average fuel element position
in the core. These measurements were obtained by position-
ing flow velocity measuring devices at the discharge of each
fuel element position. The tests were performed using the
fully loaded reactor core with both one and two main pump
operation. The flow measuring methods and the results
for Core I are described in this section.
4.3.1 Incore Flow Meters
Two flow meters were used to measure relative flow
distribution. The first was a simple pitot tube and
is shown in Fig. 4.3-1. This flow measuring device was
used for scanning the core outlet area and making a
qualitative check on the second flowmeter which was
used as the primary flow measuring device.
The second flowmeter was a flow averaging pitot bar.
This type of flowmeter was chosen because of the limitations
that: materials used in the core tank must be made from
either stainless steel or aluminum; be able to function
under a 10 foot head of water; and be possible to
fabricate within a reasonable cost. The flowmeter is
shown in Fig. 4.3-2. Basically, the meter consists of a
F I G. 4.3-1
SIMPLE FLOW MEASURING PITOT TUBE
to water manometer
9 1
9- 1/2
14- 1/2"
105
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FIG.
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4.3-2
INCORE PRIMARY FLOWMETER
upper support extension
detail of pitot bar
2" I.D.
holder to fit into holddown grid plate
11"
37".
--L
(
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four feet long, two inch I.D. tube with a pitot bar and
pressure tap, located approximately three feet from the
entrance of the 3. An adapter (which fits snuggly
in the discharge zzle of a MITR-II fuel element) is
welded to the enmrance of the tube. Water flowing into
the flowmeter from the fuel element travels up the tube
and discharges from the tube into the core tank pool.
The pitot bar itself is constructed from two con-
centric tubes (see Fig. 4.3-2). The outer tube has an
inner diameter of 0.25 inches and 0.02-inch-thick walls.
There are four holes in the tube which face upstream to
measure an average impact pressure over the velocity
profile in the main two-inch tube. A small inside tube
with an inner diameter of 3/32 of an inch and 0.01-inch-
thick walls measures the average impact pressure at cen-
line between the four holes. The pressure on this small
inside tube is measured on one leg of a water manometer
with the downstream suction pressure being measured on
the second leg. Flowmeters of this design and hole
spacing are commercially available (Ref. 4.3-1).
4.3.1.1 Flow Meter Characteristics
The pitot tube and pitot bar in both incore flow
meters measure the flow velocity in a tube with a known
flow area. Thus, the output from these flowmeters is
proportional to a flow rate. For the main incore flow-
meter (utilizing the averaging pitot bar) most of the water
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discharging from a fuel position is assumed to exit through
the flowmeter with the effect of flow resistance from the
flowmeter on the element being measured proportional to the
normal flow out of the element. Thus, the flowmeter will
measure the relative flow between elements only.
For incompressible fluids, the square root of the
measured impact pressure minus the measured static pres-
sure is proportional to the velocity. For the primary
flowmeter, the impact pressure and downstream pressure
were measured (downstream pressure was measured by a
pressure tap 180* from the pitot bar openings). The
downstream pressure is thus the static pressure minus flow
suction effects. The use of these pressures gives a
larger differential pressure on the water manometer and
for this reason yields increased measuring accuracy, but
it causes the output to deviate slightly from the true
square root relation. In order to determine the true re-
lationship between differential pressure and flow rate, a
calibration described in Section 4.3.1.2 was performed.
The pitot bar was located 18 diameters upstream from
the entrance and 5 diameters downstream from the exit of
the tube. Thus, the flow in the tube should be fully de-
veloped at the location of the pitot bar.
4.3.1.2 Testing and Calibration
The primary flowmeter with the flow averaging pitot
bar as described in Section 4.3.1.1 was tested and cali-
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brated in a test section shown in Fig. 4.3-3. The flow
was measured by using a calibrated rotameter in the test
loop and the differential pressure in the flowmeter was
measured with a water manometer. The test was performed
by varying the flow through the test loop and recording
the manometer and rotameter readings. The results of
the test are shown in Fig. 4.3-4. A least squares fit
was performed and the slope was found to be 0.477. Thus,
for the primary flowmeter:
W = (Ah)0. 4 7 7  , (4.3-1)
where,
W is flow in flowmeter,
Ah the difference between impact pressure
and downstream pressure as measured by
manometer.
The relative flows per element are obtained by com-
paring the (Ah)0.477 for each fuel element position.
4.3.2 Incore Flow Measurements
Incore flow measurements were taken as part of MITR-II
Startup Procedure 5.9.2. Initial flow measurements
were made with fuel loadings typical of operating con-
ditions including the effect of solid dummies and an
incore sample assembly in various reactor fuel positions.
The reactor fuel positions can be divided into four groups
which are separated by the lower and absorber spiders.
Changes which affect a fuel position (such as loading a
F IG.
INCORE PRIMARY FLOWMETER CALIBRATION TEST LOOP
water manometer
test section
where primary
flowmeter was
located .
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solid dummy where an element had been previously) appeared
to have most of its effect on the other positions within
its group and have little effect on individual positions
in other groups. The four groups of elements are as
listed below (see Fig. 1.3-2 for core arrangement).
Group 1 Group 2 Group 3 Group 4
A-1 B-l C-2 B-4 C-7 B-7 C-12
A-2 B-2 C-3 B-5 C-8 B-8 C-13
A-3 B-3 C-4 B-6 C-9 B-9 C-14
C-1 C-5 C-6 C-10 C-11 C-15
Relative flow ratios for the different fuel element
positions are shown in Table 4.3-1 for the initial measure-
ments of several core loading arrangements. Measurements
were made with both one and two pumps operating.
After the arrangement for Core I of the MITR-II was
decided upon, a second set of flow measurements were taken
with the Core I fuel element configuration. Measurements
for each fuel element position were repeated three times
in order to reduce experimental uncertainty. Two fuel
positions could not be measured with the primary flow
measuring device because of interference with the hold
down grid latch. These positions were C-5 and C-6. The
pitot tube flowmeter was used to scan all fuel positions
to verify that neither of these positions had the lowest
coolant flow. The pitot tube was not as accurate as the
primary flowmeter since it did not fit snuggly into the
fuel element nozzle, but the pitot tube did show the same
trends as the flowmeter. Results of final relative flow
CTABLE 4.3-1
RATIO OF ELEMENT POSITION FLOW TO CORE AVERAGE ELEMENT FLOW WITH VARIOUS SOLID DUMMY
AND ICSA CONFIGURATIONS IN GROUPS FOR ONE AND TWO PUMP OPERATION
Position
in Reactor
Group 1
A-1
A-2
A-3
Group 2
B-1
B-2
B-3
C-1
C-2
C-3
C-4
C-5
Group 3
B-4
E-5
B-6
C-6
C-7
C-8
C-9
C-10
Dummy Element
in Group
1 Pump,
*
1.066
*
0.980
1.013
0.970
1.003
0.960
*
0.964
2 Pump
*
1.017
0.9857
1.082
*
1.009
1.001
0.975
1.008
0.990
1.037
*
1.083
0.967
1.026
0.991
0.996
Dummy Element
not in Group
1 Pump
0.854
0.940
0.894
1.076
1.056
1.026
0.980
0.950
1.003
0.931
1.036
1.076
1.086
0.954
1.020
0.960
0.993
2 Pump
0.844
0.913
0.911
1.068
1.055
1.025
1.013
0.966
0.994
0.937
1.080
1.049
1.091
0.903
0.971
0.977
1.006
ICSA in Group
1 Pump
//1
0.894
1.007
2 Pump
/
0.965
0.983
HH
Li.)
TABLE 4.3-1 (Continued)
Position
in Reactor
Group 4
B-7
B-8
B-9
C-11
C-12
C-13
C-14
C-15
Dummy Element
in Group
1 Pump
1.086
//1
1.056
1.013
0.980
1.030
1.026
1.036
2 Pump
1.070
/
1.074
1.006
0.983
.1.017
0.979
1.034
Dummy Element
not in Group
1 Pump
1.079
1.083
1.083
1.003
0.954
1.036
0.980
1.040
2 Pump
1.031
1.041
1.052
0.959
0.935
0.944
0.943
1.024
ICSA in Group
1 Pump 2 Pump
* Solid dummy in fuel position
// ICSA in fuel position
-- Data not taken
Note: All measurements made using incore flowmeter (Fig. 4.3-2)
r
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measurements with two primary pumps operating are shown
in Table 4.3-2.
4.3.2.1 One Primary Pump Versus Two Primary Pumps
Relative element flow ratios appear to be the same
for both one pump and two pump operation. Data for one
and two pump operation is shown on Table 4.3-1. Thus,
the flow disparity will be independent of the number of
pumps operating.
4.3.2.2 Solid Dummy Element Effects
A dummy element only seems to affect flow ratios in
element positions that are in the same group (see Section
4.3.2 for groupings) as the dummy element itself. The
outer three groups (composed of B and C-ring elements)
appear to be affected in an identical manner by a dummy
element. Inserting a solid dummy in the center B-position
in a group caused the flow in the other elements of the
group to increase. Element positions in the C-ring with
full sides adjacent to the dummy element seem to experi-
ence the greatest increase in flow. Without a dummy
element in the group, the minimum ratio of element flow to
core average element flow for any of the three outer
groups was approximately 0.94. With a dummy in the group,
the minimum flow ratio is raised to approximately 0.97.
The similar results for each of the outer groups indicate
that the core is flow symmetric and that no one side of the
116
TABLE 4.3-2
COMPARISON OF RATIOS OF ELEMENT POSITION FLOW TO CORE
AVERAGE ELEMENT FLOW OBTAINED USING SCANNING
PITOT TUBE AND INCORE FLOWMETER
Position
Reactor
in
A-1
A-2
A-3
B-1
B-2
B-3
C-1
C-2
C-3
C-4
C-5
B-4
B-5
B-6
C-6
C-7
C-8
C-9
C-10
B-7
B-8
B-9
C-11
C-12
C-13
C-14
C-15
Scanning
Pitot Tube
(Figure 4.3-1)
*
1.065
0.997
1.060
*
1.039
0.993
0.974
0.964
0.968
0.917
1.011
1.121
1.100
0.980
0.907
1.004
0.867
0.949
1.073
*
1.098
0.974
0.983
1.010
0.932
1.010
Incore Flowmeter
(Figure 4.3-2)
*
1.017
0.986
1.049
*
0.997
0.942
0.960
0.981
0.977
1.007
1.057
1.073
0.945
1.011
0.9377
0.9811
1.082
*
1.092
0.985
0.946
0.997
1.025
1.001
* solid dummy in fuel position
-- data not taken because of interference
latch
with grid
(
L4a
core receives a disproportionate share of the flow. The
average flow ratio per element for each group is shown
in Table 4.3-3.
TABLE 4.3-3
AVERAGE ELEMENT FLOW IN GROUP WITH AND
WITHOUT SOLID DUMMY IN GROUP
1 Dummy in Group Dummy not in Group
Group 1 1.001 0.889
Group 2 1.01 1.008
Group 3 1.016 1.011
Group 4 1.02 0.991
(Data taken from averaging data in Table 4.3-1)
Note in the above table, that with the exception of
Group 1, there is little difference in average flow ratio
per element in a group between the one dummy and no dummy
cases. However, for these outer three groups, adding a
solid dummy improves the flow distribution within that
group by increasing flow to the lower than average flow
C-ring element positions by diverting the flow from a
normally above average flow B-ring element positions.
The flow distribution in the A-ring elements of Group 1
is greatly improved by adding a solid dummy element to the
group. There appears to be insufficient flow to the group
for three elements without having a large flow disparity.
This problem is not serious since during reactor operation,
at least one A-ring position is expected to be filled by a
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solid dummy or In-core Sample Assembly (both have much
lower flow than a fuel element).
Because of limitations on reactor shutdown margin and
because of an insufficient number of non-fueled elements,
it was not possible to perform flow tests without some solid
dummies somewhere in the core. The data indicates that
dummies exert only a local influence on flow disparity and
that this limitation is not important.
4.3.2.3 ICSA Effects
Coolant flow through the Incore Sample Assembly (ICSA)
tested (see Fig. 1.3-5) was a fraction of a normal element
flow. Consequently, the effect of the ICSA was between a
fuel element and solid dummy element. Table 4.3-1 veri-
fies this effect. Design of an ICSA for A-ring positions
must insure that there is a sufficient flow restriction
in the ICSA to provide adequate cooling for the remaining
A-ring elements.
4.3.3 Plenum Flow Disparity for Core I
As a result of the second set of measurements with
the primary flowmeter, plenum flow disparity factors for
each fuel element position for Core I of the MITR-II were
determined. Factors for each position are shown in
Fig. 4.3-5. In general, the values for Groups 2 and 4
represent flow disparity factors for outer groups which
have a solid dummy in the center B-position. The values
for Group 3 represent a typical outer group with no solid
FIG.
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4.3-5
PLENUM FLOW DISPARITIES FOR CORE I
REGULATING ROD
- solid dummy element
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dummy elements present.
4.4 Core Bypass Flows
There are several sources which allow coolant to by-
pass the active fuel elements in the core. Some of these
sources are controllable by design (ICSA, solid dummy
elements, etc.) and others are small leakage flows. It is
important to obtain an estimate of these bypass flows in
order to determine the fraction of coolant that cools the
active core (Ff). Because many of these flows are small,
they are difficult to accurately measure in core in the
presence of the turbulence effects from the large primary
coolant flow.
The bypass flows were estimated by three manners:
A) Calculated, knowing leakage area and
pressure drop,
B) Out core test loops,
C) Using pitot tube scans incore and
comparing flows seen to fuel element
position flows.
The results of these estimates are shown on Table 4.4-1.
4.4.1 Check Valve Flow Tests
Because of a valve sticking problem encountered
during the preoperational testing of the natural cir-
culation and anti-syphon valves (Ref. 4.4-1), a flow
test was made to verify the new design of the natural
circulation valves. The test loop setup is shown in
Fig. 4.4-1. After being tested for 1000 cycles, a
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F I G. 4.4-
NATURAL CIRCULATION VALVE TEST LOOP
valve being tested
pressure gage discharge valve for
1 adjusting back-
test sectidn water tank
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prototype valve still yielded low leakage flows. Four (
valves for use incore were constructed and each was tested
in the test loop prior to installation. Leakage flow was
measured on the test loop rotameter.
The volume of check valve leakage varied directly
with the pressure on the check valve. This indicates that
once the valve closes, there is no additional deformation
of the seating surface to reduce flow as pressure increases.
Thus the higher the pressure, the higher the leakage flow
and vice-versa. At pressures that correspond to reactor
values, the average leakage of the natural circulation
valves was 1.5 gpm/valve. No valve had a greater leakage
than 2 gpm at these pressures.
4.4.2 Bypass Flow Evaluation for Core I
Table 4.4-1 shows the sources of bypass flow for Core
I and estimates for their quantities. The means for ob-
taining those estimates is also listed. The leakages
listed in the table are not adjustable except for the by-
pass flow for the dummy elements. The bypass flow for the
dummy elements could be reduced by replacing the dummy
elements with active elements or by reducing the flow
cooling the dummies if operating experience shows that
this is possible.
For Core I of the MITR-II, the bypass flow totaled
approximately 105 gpm. This yields a Ff of 0.9487 from
SU
Source
Control blade cooling holes
Core housing corner holes
Natural Circulation check
valves (4)
Anti-syphon valves (2)
Solid dummy elements (3)
Annular partition gasket
Annular partition and core
housing joint
TABLE 4 14-1
MARY OF BYPASS FLOWS FOR CORE I
Estimated Bypass Flow
13.4 gpm
3.9 gpm
6.0
3.0
gpm
gpm
68.3 gpm
5.0 gpm
5.0 gpm
Source of Estimate
Calculated by knowing
pressure drop and
hole sizes
Test loop data
Comparison with natural
circulation valves
Measured with primary
flowmeter
No flow measured, source
of estimate is minimum
f low detectable using pitot
tube
r~3
(.0
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the following equation:
F = Total coolant flow - bypass flowf Total coolant flow '
Flow through an Incore Sample Assembly (ICSA) would have
to be added to the bypass flow and thus would make Ff a
smaller number if an ICSA was loaed in the core. The
uncertainty on bypass flow for Core I is less than 20gpm
which would yield an uncertainty of Ff approximately one
percent (20 gpm represents a 15% uncertainty in the bypass
flow which is estimated to be greater than the actual
uncertainty).
4.5 Summary of Flow Distributions for Core I
The channel and plenum flow disparities have been ex-
perimentally determined for Core I of the MITR-II. The
channel flow disparity is:
Channel flow disparity =d = 0.887. (4.5-1)
C
Plenum flow disparities are shown in Fig. 4.3-5. The
fuel position which contained the lowest element flow in
Core I was position C-9. The plenum flow disparity for
C-9 with a Core I loading is:
C-9 plenum flow disparity = df = 0.9377. (4.5-2)
p
For the C-9 fuel position in Core I, this yields a total
maximum flow disparity:
df = 0.887 x 0.9377 0.832 - (4.5-3)
Similar maximum flow disparities can be obtained for
each fuel element position by multiplying the channel
disparity df by the df for the position in Fig. 4.3-5.
c p
Repeat measurements indicate that the relative flow
measurements have a two standard deviation uncertainty of
one percent.
For Core I of the MITR-II, the fraction of coolant
dooling the core was:
F = 0.9487 (4.5-4)
Ff also has an uncertainty of approximately one percent.
4.6 Flow Distribution for Core II
Flow measurements were made on Core II of the MITR-II.
Flow considerations for Core II differed from Core I in
the following manner:
A) Removal of fixed absorbers resulted in
additional solid dummies being loaded
into the reactor,
B) Solid dummies were loaded into side
B-ring positions (B-3, B-6, B-9)
rather than central B-ring positions
(B-2, B-5, B-8).
As a result of these differences, flow measurements
were made for Core II using the incore flowmeter described
in Section 4.3.
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4.6.1 Plenum Flow Disparity
Table 4.6-1 shows the measured plenum flow disparity
between element positions for the Core II loading con-
figuration. Note that the highest flows still occur
in the B-ring and that the range of flow disparities is
similar to the Core I loading. The range of plenum flow
disparities for Core I is 1.092 to 0.937 and the range
for Core II is 1.084 to 0.93.
Figure 4.6-1 shows the plenum flow disparities, df
p
that were used in evaluating the safety limit and limiting
conditions for operation of Core II.
4.6.2 Bypass Flows
The fraction of the flow that cools the active fuel
elements, Ff, is smaller for Core II because of additional
bypass flow through the added solid dummies. Table 4.6-2
gives a summary of bypass flows for Core II. The total
bypass flow is approximately 159 gpm. This yields a Ff
of 0.9205 using Eq. 4.4-1.
4.6.3 Summary of Flow Distribution for Core II
The channel flow disparity is the same as for Core I
and is equal to 0.887. Plenum flow disparities, df , are
p
shown in Fig. 4.6-1 and the total flow disparity, df, is
the product of the channel and plenum disparities.
C
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TABLE 4.6-1
RATIO OF ELEMENT POSITION FLOW TO CORE AVERAGE ELEMENT
FLOW OBTAINED USING INCORE FLOWMETER ON CORE II
Position in Reactor
A-1
A-2
A-3
B-1
B-2
B-3
C-1
C-2
C-3
C-4
C-5
B-4
B-5
B-6
C-6
C-7
C-8
C-9
C-10
B-7
B-8
B-9
C-11
C-12
C-13
C-14
C-15
Ratio
1.009
*
*
1.074
1.049
*
0.989
0.930
0.951
0.949
1.032
1.058
*
0.954
0.993
0.953
1.019
1.084
1.032
*
1.009
0.944
0.944
0.972
1.036
* Solid Dummy in fuel position
-- Data not taken because of interference with
grid latch
F I G. 4. 6-1
PLENUM FLOW DISPARITIES FOR CORE II
REGULATING ROD
- solid dummy element
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Source
Control blade cooling holes
Core housing corner holes
Natural Circulation check
valves (4)
Anti-syphon valves (2)
Solid dummy elements (3)
Annular position gasket
Annular partition and core
housing joint
TABLE 4.6-2
MMARY OF BYPASS FLOWS FOR CORE II
Estimated Bypass Flow
13.4 gpm,
3.9 gpm
6.0 gpm
3.0 gpm
122.8 gpm
5.0 gpm
5.0 gpm
Source of Estimate
Calculated by knowing
pressure drop and
hole size
Test loop data
Comparison with natural
circulation valves
Measured with primary
flowmeter
No flow measured, source
of estimate is minium flow
detectable using pitot tube
P
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For Core II of the MITR-II, the fraction of coolant
cooling the core, Ff, was equal to 0.9205.
The uncertainty on Ff and df remains at one percent
for each.
(AO
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CHAPTER 5
POWER DISTRIBUTIONS IN CORE I
Power distributions in Core I of the MITR-II are dis-
cussed in this chapter. Section 5.1 summarizes the pre-
dictions used to evaluate the initial design of the MITR-II.
Section 5.2 describes the design check predictions used to
evaluate the final design of the MITR-II and used to com-
pare with the experimental power distribution measurements.
The experimental measurement of power distribution by gamma
scanning of removable fuel plates in an MITR-II fuel element
is discussed in Section 5.3. Section 5.4 describes neutron
flux measurements in Core I by copper wire activation. The
results of power and neutron flux measurements and calcu-
lations of Core I are summarized in Section 5.5.
5.1 Design Predictions
Initial design studies of the MITR-II were performed
by numerous members of the MITR staff and Nuclear Engineering
Department students. The goal of the initial work was to
determine a final design of the MITR-II and to prepare a
Safety Analysis Report (Ref. 5.1-1) for the project. The
completed Safety Analysis Report (SAR) is a summary of the
design predictions and conclusions. Design predictions
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regarding power distribution are further summarized in this
section.
The base core for most original design studies consisted
of a fully loaded core with one sample assembly in a center
ring position. In most cases the sample assembly was mocked
up by using a "lead fuel element".
5.1.1 Power Density Distribution
Reactor physics methods used to evaluate the MITR-II
were developed by Addae (Ref. 5.1-2). A finite difference
diffusion code, Exterminator-II, provided the basic power
distributions used in evaluating core power densities.
Homogeneous average power densities were obtained from
Exterminator-II (Ref. 5.1-3) and these were converted
into heterogeneous values using a method described in
Section 3.3.4.3.3 of the MITR-II Safety Analysis Report.
A similar method was used to evaluate the design check
results from CITATION and is described in Section 5.2.3.1
of this work. The major difference between the two methods
is the additional normalization factor required for
3
Exterminator-II since its output is in fissions/cm3 and
3
CITATION prints out power densities in watts/cm .
Figure 5.1-1 shows the predicted axial heat flux
distribution along the hottest fuel plate at an edge of
the core and at a central core position as predicted by
Exterminator-II. Values of the axial and radial power
peaking were determined using Exterminator-II calculations.
FIG. 5.1-I
AXIAL HEAT FLUX DISTRIBUTION ALONG THE HOTTEST FUEL PLATE
(reactor power 6 Mw + primary coolant flow rate: 1800 GPM)
Heat flux at the edge of the
core next to the D20 reflector
Curve 1: blades at 8 inches
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The axial peaking factor, Fa, is the ratio of the maximum
power density in a fuel plate to the average power density
in that fuel plate. The radial peaking factor, Fr, is the
ratio of the total power generated in a fuel plate to that
generated in the average fuel plate in the core. Table
5.1-1 gives a summary of Fa and Fr as evaluated using
Exterminator-II at several shim bank heights (Ref. 5.1-1).
The product Fr x Fa is a measure of the power density
at a point compared to the average power density in the
core. For Table 5.1-1 which was used as an example in
the SAR analysis, all maximum Fa x Fr values are at the
bottom edge of the fuel. As seen from Table 5.1-1, the
effect of lowering the shim bank is important. Lowering
the shim bank raises the peak by shortening the core.
Figure 5.1-2 shows the predicted power density dis-
tribution for a vertical section of the core. Figures
5.1-3 and 5.1-4 show power density distributions for a
horizontal cross section at core mid-height for a hex-
agonal model and a R-Z model, respectively. These three
figures were made by Addae (Ref. 5.1-2) for a smaller
diameter core than the final design and the latter two
were normalized such that the average power density equals
1.0. Note that the R-Z model misses the power peak that
occurs because of the water hole at the corner of the core
housing.
TABLE 5.1-1
SUMMARY OF AXIAL AND RADIAL POWER PEAKING FACTORS
Shim Blade Height
above Fuel Bottom
F
a
Center Edge
Plate Plate
F
r
Center Edge
Plate Plate
F x
r a
Center Edge
Plate Plate
14 inches
10 inches
8 inches
2.19
2.29
2.44
2.01
2.66
3.17
1.20
1.30
1.36
1.45
1.22
1.07
2.63
2.98
3.32
2.91
3.24
3.39
p
F I G. 5.1-2
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(1012 fissions/cm 3-sec)
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5.1.2 Neutron Flux Distribution
One goal of the reactor modification was to increase
the neutron source intensity for neutron beam experiments.
Figure 5.1-5 shows the thermal neutron flux surrounding
the reactor core as calculated by Kadak (Ref. 5.1-4).
The predicted thermal neutron flux at the outside edge of
the heavy water tank for the MITR-II core is predicted to
be about the same as that flux at the same region for the
MITR-I core. The advantage of the redesign is derived from
the greater flux that the re-entrant thimbles extending
into the heavy water tank view.
Figure 5.1-5 shows that the thermal flux at the beam
13 3port tip is approximately 8.5 x 10 neutrons/cm3. This
is an optimistic prediction because it neglects such fac-
tors as beam port perturbation, but even including several
factors that will lower the beam port flux, the flux en-
hancement to neutron beam experiments is expected to be
approximately a factor of three increase in thermal
neutron flux over levels in the MITR-I.
5.2 Design Check Predictions
Computer calculations were made as a design check
and to predict power and flux distributions in various core
configurations of the MITR-II. The main tool used in
design check predictions was the computer code CITATION
(Ref. 5.2-1).
FIG. 5.1 -5
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5.2.1 CITATION Code and Neutron Cross Section Set
CITATION is designed to solve problems involving the
finite difference representation of diffusion theory,
treating up to three space dimensions with arbitrary
group-to-group scattering. X-Y-Z, O-R-Z, hexagonal-Z and
triangonal-Z geometrics-may be treated. Depletion problems
may be solved and fuel mangaged for multi-cycle analysis.
The code is designed to effectively use computers in the
IBM-360 series.
The cross sections used in CITATION were developed by
Kadak (Ref. 5.1-4) following the procedures set forth by
Addae (Ref. 5.1-1). The cross sections were updated by
Emrich (Ref. 5.2-2). The basic cross section data used is
that of Hansen and Roach (Ref. 5.2-3).
For the energy range above 1 ev. the diffusion length
of neutrons was considered long enough so that the flux
distribution would not be sensitive to the fine structure
of the material distribution in the core. The first 13
higher energy group cross sections from Hansen and Roach
were used for energies above 1 ev.
In the energy range below 1 ev., the diffusion length
of neutrons is of the same order at the thickness of the
fuel plates and hence, self-shielding would be important.
To obtain good cross sections for the fuel below 1 ev., it
was necessary to account for heterogeneous effects of an
individual fuel cell. The procedure that was developed
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was to find equivalent homogeneous cross sections in two
steps. The first step involved the homogenization of an
individual fuel plate, while the second step used the data
obtained from the first step to complete the homogenization
of the rest of the fuel element. The integral transport
theory code THERMOS (Ref. 5.2-4) was used to perform these
calculations and to perform whole core radial and axial
calculations to obtain core wide thermal cross sections
for the fuel. The results of the whole core calculations
yielded two sets of thermal cross sections whose energy
structure corresponded to the two lowest energy groups
contained in a modified 15 group cross section set (2
thermal groups plus 13 epithermal and fast groups). The
15 group space dependent cross sections were then collapsed
to three using the EXTERMINATOR-II diffusion theory code
(Ref. 5.1-3). Cross sections for the three energy groups
shown in Table 5.2-1 were used in the present work.
The beam port and sample assembly void cross sections
were calculated by Lukic (Ref. 5.2-5) for the two dimen-
sional model and Emrich for the three-dimensional model.
The void effective cross sections were obtained from a
diffusion theory model derived by Kennedy (Ref. 5.2-6).
Kennedy's model replaces the voids across which neutrons
stream without making any collisions by a fictitious pure
scattering material.
For control blades, cross sections were obtained by
representing the cadmium absorbers by fictitious diffusion
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regions having the same net absorption effect as the actual
cadmium absorbers. The control blade cross sections in the
present work were calculated by Emrich (Ref. 5.2-2).
Up to 80 nuclides were used to represent homogenized
elements in various locations. The nuclides were combined
to form various compositions at each location. Table 5.2-2
lists the composition numbers, nuclide numbers, and nuclide
names used in the three-dimensional computer model.
TABLE 5.2-1
MITR-II Three Group Energy Structure
Fast 3 key. - w key.
Epithermal .4 ev. - 3 key.
Thermal 0.00025 ev. - .4 ev.
5.2.2 Two-Dimensional Calculation
A two-dimensional R-Z mock-up of the reactor core was
used for initial flux calculations and reactivity measure-
ments in the present work. Areas investigated using the two-
dimensional model were beam port length optimization, D20
blister tank flux and reactivity effects, and the effect of
changing core housing aluminum alloys.. Figure 5.2-1 shows
the R-Z core model analyzed by CITATION. Figure 5.2-2 shows
the group 3, thermal flux, predicted by CITATION for the base
case fully loaded core.
The beam port length optimization resulted in the beam
ports extending within 4 inches of the centerline of the
reactor. The calculations indicated that the closer to the
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TABLE 5. 2-2
MATERIAL COMPOSITIONS OF THE VARIOUS REGIONS IN THE
REACTOR USED IN CITATION CALCULATIONS
Composition
1
Nuclide
Number
1
2
4
3
2
3
32
33
5
6
8
7
4
5
6
9
10
11
12
15
16
13
14
17
18
20
19
21
22
47
34
35
36
37
54
55
7
8
9
10
11
12
Nuclide
Number
U-235
U-238
Al
HO2
H20
Al
HO2
H205
U-235
U- 238
Al
HO2
H235
U-235
U- 238
Al
H20
U-235
U-238
Al
HO2
H235
U-235
U- 238
Al
HO2
H20
D 0
Ai
HO2H20
Pb
Al
Cd
Al
Al
D20
Volume
Percent
.91%
..07%
52.82%
46.20%
50.00%
50.00%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
98.60%
.30%
.50%
100.00%
85.00%
15.00%
100.00%
100.00%
100.00%
(
k~v
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TABLE 5.2-2 (Continued)
Composition
13
14
15
16
17
18
19
20
21
22
23
24
25
Nuclide
Number
24
25
26
27
28
29
30
31
39
40
41
42
43
44
45
46
47
48
28
29
30
31
15
16
13
14
51
52
21
22
56
Nuclide
Name
U-235
U-238
Al
HO2
H20
U-235
U-238
Al
H120
H 0
Ai
C
D 0
Al
H120
HO2
H 0
Al
H120
H20
U-235
U-238
Al
HO
Vgid
U-235
U-238
Al
HO
Vgid
H 0
Ai
D 0
Ai
Void
Volume
Percent
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
50.00%
50.00%
100.00%
50.00%
50.00%
100.00%
94.5 %
5.5 %
100.00%
100.00%
.91%
.07%
52.82%
9.24%
36.96%
.91%
.07%
52.82%
9.24%
36.96%
90.00%
10.00%
40.00%
9.00%
51.00%
TABLE 5.2-2 (Continued)
Composition
Nuclide
Number
26
5
6
8
9
10.
11
15
16
13
21
22
56
22
56
21
22
56
21
22
56
21
22
56
21
22
56
21
22
56
27
28
29
r
30
31
Nuclide
Name
D 0
Ai
Void
Al
Void
D 0
Ai
Void
~D 0
Aid
Void
D 0
Ai
Void
D 0
Al
Void
D 0
Ai
Void
U-235
U-238
Al
Void
U-235
U-238
Al
Void
U-235
U-238
Al
Void
32
Volume
Percent
63.00%
5.00%
32.00%
14.80%
82.20%
46.00%
8.00%
46.00%
30.00%
10.00%
60.00%
52.00%
7.00%
41.00%
60.00%
6.00%
41.00%
78.00%
3.00%
19.00%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
33
(
34
35
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TABLE 5.2-2 (Continued)
Composition
Nuclide
Number
24
25
26
28
29
30
17
18
20
1
2
4
47
54
57 Void
36
37
38
Nuclide
Name
U-235
U-238
Al
Void
U-235
U-238
Al
Void
U-235
U-238
Al
Void
U-235
U-238
Al
Void
H 0
Al
Volume
Percent
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
.91%
.07%
52.82%
46.20%
42.00%
58.00%
100.00%
39
40
41
CITATION TWO DIMENSIONAL (R-Z) CORE MODEL (not to scale)
Co
F I G.
5 MW THERMAL NEI
1.0
2.0 x 10 13
2.
7.0
6.0 x 10 13 
-
14~95.2-2
UTRON FLUX FROM 2-D CITATION
group 3 flux, 26 fuel elements, blades at 8 inches,
fixed cadmium absorber 14 inches from fuel bottom edge
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centerline of the core that the beam ports extended
the higher the flux they viewed. If the beam ports extended
to the centerline of the core there would be no scattering
material at the end of the beam port to scatter neutrons
out the beam port. As a result, the beam port ends were
selected to be 4 inches from the centerline of the core,
where 4 inches represented several neutron scattering mean
free paths in D20.
D20 blister tank studies resulted in raising the
height of the D20 blister tank in order to increase the
neutron flux available to the medical therapy room.
CITATION predicted a reactivity change for opening the
raised shutter of -0.036% AK/K or -46m5. The actual
measured reactivity worth of emptying the blister tank was
approximately -70 ma. This is actually good agreement
considering the large mesh spacing at the blister tank
and statistical error induced by determining a small
number from the difference of two large numbers.
The change in the core housing alloy was necessitated
by core housing fabrication problems as described in
Section 3.2.3. The effect of the alloy change was ex-
pected to be a 15% increase in the aluminum absorbtion
cross section. The two-dimensional calculation predicted
that this change would result in a reactivity decrease
of 0.274% AK/K and would decrease the peak thermal flux
at the beam port ends by approximately 0.5%.
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The two-dimensional model was useful for modeling
effects which were symmetric about the core centerline.
For a more detailed analysis, the three-dimensional model
was used.
5.2.3 Three-Dimensional CITATION Calculation
Initial cores of the MITR-II were mocked-up using
a three-dimensional (R, e, Z) approximation to the hex-
agonal cylinder shaped core. Only half of the core was
mocked-up in these calculations since the MITR-II is
approximately symmetric along a line passing through
the center of the core and the center of the regulating
rod. Using half core symmetry allowed additional mesh
points in the R and Z direction up to the limit of the
M.I.T. computer core space. Figure 5.2-3 shows a
schematic representation of an R-e plane used to mock-up
the reactor core in CITATION. Figure 5.2-4 shows an
example of the core model for R-Z slice through the core
at one of the 0's. The initial model used by this work
was based on the model by Yeung (Ref. 5.2-7).
The CITATION core model divides the active core into
8 sections in the R direction and 11 sections in the 0
direction. The mesh points were set up so that fuel
elements in the A and B rings could be changed easily.
In the axial direction, the active core is divided into
3 main sections: the upper section in which the fuel is
strongly affected by the fixed absorbers and control
F IG. 1525.2-3
THREE DIMENSIONAL CITATION MODEL R-9 REPRESENTATION OF CORE
9-1.
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blades, the lower section in which the fuel is adjacent
to the heavy water reflector and subjected to thermal
flux peaking, and the middle section of the core which
is little affected by either the control blades or the
heavy water reflector.
While it will be shown in this work that CITATION
gives good predictions for neutron flux, power density,
and reactivity changes, CITATION predictions for absolute
K missed the actual Keff by 4-to 5% AK/K. Table 5.2-3
eff f
gives the CITATION prediction and measured Keff for some
early core configurations. The error may have been
caused by error in the cross sections with large amounts
of H20 present in the core and possibly by an error in
the effective core diameter used in R, Z, 0 model.
5.2.3.1 Power Density
One feature of CITATION is that if a total core power
is specified, the code will print out average mesh point
specific volume power densities for each mesh point con-
taining fissile material. The values of these average
power densities, P(R,Z,e), are normalized such that the
total integrated power over the core is equal to the
specified total power. Using the local power densities
from CITATION, fuel plate heat fluxes, channel powers, and
fuel plate wall temperatures can be calculated.
The fuel plate heat flux, (Q/A) , generated in the
ith mesh point volume is calculated by multiplying the
155
TABLE 5.2-3
MEASURED AND PREDICTED K FOR CORE I CONFIGURATIONS
Case Citation 3-D Measured Difference
Original base case
26 elements, fixed
at 14", blades at 10" 1.063
First critical case
21 elements, fixed
at 14", blades at 10",
4 waterfilled positions 0.918 0.998 0.08
23 elements, fixed at
12", 3 dummies, blades
at 10" 0.969
23 elements, fixed at
10", 3 dummies, blades
at 10" 0.954 0.996 0.042
23 elements, fixed at
10", 3 dummies, blades
full in 0.834 0.892 0.058
24 elements, fixed at
12", 2 dummies, blades
at 10" 1.000
24 elements, fixed at
10", 2 dummies, blades
at 10" 0.981 1.023 0.042
24 elements, fixed at
10", 2 dummies, blades
at 8" 0.959 1.005 0.046
156
average local power density, P(R,Z,O), by the ratio of
unit volume of homogenized core heat transfer area in
a unit volume of core and by a correction factor that
converts the watts/cm obtained from CITATION to BTU/hr-ft3
For fuel elements in the first core of MITR-II the
following holds:
(Q/A) i BTU/hr-ft2 = 833 P(R,Z,e) , (5.2-1)
where,
(Q/A)i is the fuel plate heat flux (off e
side of the fuel plate) for the i
mesh point,
P (RZe) i4hthe average power densi in the
i mesh point in watts/cm
The ratio of the local power density to the core
average power density is equal to the product F Fa
where:
F is the radial peaking factor, the ratio of the
power produced in a fuel plate to the power
produced in the average fuel plate,
F is the axial peaking factor, the ratio of the
power density at a local spot on a plate to the
average power density in that plate.
The value of F F for the i mesh point is evaluated as
r a
follows:
(FF) = P(RZ,), (5.2-2)
rai m P(R,ZO) V (R,Z,9)
V(R,Ze)
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where,
th
V(RZ,0) is the volume of the j mesh point,
m is the total number of fueled mesh points.
The denominator of Eq. 5.2-2 which represents the core
average power density may also be determined in the follow-
ing manner:
P(RZ, O) A = M P(R,Z,). V(R Z,O) 
.
AVE V(RfZ,
j=1
Total Core Power
Total Fueled Volume in CITATION Model
(5.2-3)
Combining Eqs. 5.2-1 and 5.2-3 yields the core average
fuel plate heat flux:
(Q/A) AVE BTU/hr-ft = 833 P(RZ ,) AVE , (5.2-4)
where,
P(R,Z,9) is in units of watts/cm .
PCk, the power deposited in a coolant channel between
two fuel plates, can be calculated by assuming that all of
the heat from the two fuel plate sides facing a channel
is deposited in the channel. The following equation
represents the heat deposited in a channel K:
L
PCk = 2 W Q/A(z) dz , (5.2-5)
0
where,
W is the fueled width of the fuel plate,
Q/A(z) is the area heat flux from a fuel plate side
as a function of Z,
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L is the fueled height of the fuel plate.
Note that the factor 2 is required because there
are 2 fuel plate sides per channel. For CITATION results
the following equation replaces Eq. 5.2-5:
n
PCk= 2W
i=1
(Q/A) 1 z.i
(Q/A) is the fuel plate area heat flux for constant
R and 0-corresponding to the channel of interest,
Z is the height in the- Z direction of the ith
mesh point,
n is the number of fueled mesh point volumes in
the Z direction for a constant R and 0.
The individual value of Fr for the Kth channel can be
obtained by the following equations:
(Fr) k =
or (F ) =r k
PCk
n
2W (Q/A) AVE Z.
i=1
n
.5(Q/A) .Z.
n
(Q/A)AVE.1. Zi=1
where,
(5.2-6)
(
(5.2-7)
(5. 2-8)
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The value of Fa for the ith mesh point in the Kth channel
is given by the following equation:
(Fa)ik (Q/A) i (5.2-9)
SE(Q/A).iZ.
n
z.
i=l1~
The fuel plate wall temperature is calculated by using
the following general equations:
Q/A(z) = nh (TW(z) - Tf(z) ) , (5.2-10)
2 5 W Q/A(z) dz = mC (T (z)- T0 ) , (5.2-11)o p f(Z
where,
Q/A(z) is the plate heat flux as a function of z,
n is the clad fin effectiveness,
T (z) is the wall temperature as a function of z,
T f(z) is the fluid temperature as a function of z,
W is the constant fuel plate width,
m is the mass flow rate,
Cp is the fluid heat capacity,
T is the fluid inlet temperature.
Equations 5.2-10 and 5.2-11 can be combined to give:
T w(z) - T = Q/A(z) + 2- ( Q/A (z)dz.
0
(5.2-12)
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Knowing the values of n, h, W, m, Cp, and T0 , the fuel
plate wall temperature, T w(z), can be calculated at the
mesh point interfaces using the CITATION results by the
following equation:
(Q/A). 2W n
Tw (Zn 0  nh + M. (Q/A) Z (5.2-13)
pi=1
where,
n is the number of mesh points from the bottom
of the fueled region,
Zn is the axial height that corresponds to n mesh
points from the bottom of the fueled region.
By utilizing Eqs. 5.2-1, 5.2-6, and 5.2-13, the safety
limits and limiting conditions for operation as explained
and evaluated in Sections 7.2 and 7.3 are obtained using
the three-dimensional results of CITATION.
Power density distributions for Core I of the MITR-II
were obtained using a three-dimensional CITATION calculation.
Core I had solid aluminum dummies in core positions A-1,
B-2, and B-8. The bottom of the fixed absorber was 10
inches from the bottom of the fuel and the shim bank was
at 8 inches for these calculations. Figure 5.2-5 shows
the axial power distribution for an outside plate in
element C-8. CITATION predicts that this will be the
hottest fuel plate.
Figure 5.2-6 shows the axial power distribution for
a plate next to a solid dummy in A-2. Note the larqe
power spike at the bottom of the element and the power
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depression at the top because of the fixed absorber.
Figure 5.2-7 shows the axial power distribution for an
interior plate in B-5. B-5 has the highest total element
power density of any element in the Core I configuration.
Figures 5.2-8, 5.2-9, and 5.2-10 show power density
distributions on respective horizontal planes through the
core at 0.53, 4.05, and 13 inches from the bottom of the
fuel (Core I CITATION predictions for fuel element powers
are shown in Fig. 6.4-1).
5.2.3.2 Flux Distributions
CITATION prints out the neutron flux for each of the
three energy groups at each mesh point. Figure 5.2-11
shows the predicted thermal neutron flux for a vertical
cross section through Core I of the MITR-II. A detail
listing of the neutron flux at each mesh point for each
energy group is listed in Appendix B.
Comparisons between CITATION flux predictions and
copper wire data are found in Section 5.4.
5.2.3.3 Sensitivity to Shim Bank Height
The power distribution in the core changes with varia-
tions in the shim bank height. Figures 5.2-12 and 5.2-13
illustrate two potential effects of concern from changing
the shim bank height. For a plate in the C-ring near the
edge of the core, raising the shim bank increases the
total power produced by the plate (Fr increases) but
decreases the actual power peak itself (Fa decreases).
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CITATION RELATIVE POWER DISTRIBUTION FOR HORIZONTAL LAYER 11
(horizontal layer 11 is 0.53 inches from bottom of fuel)
contour lines are constant values of Fr Fa
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CITATION RELATIVE POWER DISTRIBUTION FOR HORIZONTAL LAYER 9
(horizontal layer 9 is 4.05 inches from bottom of fuel)
contour lines are constant values of Fr Fa
FIG. 5.2-10
CITATION RELATIVE POWER DISTRIBUTION FOR HORIZONTAL LAYER 6
(horizontal layer 6 is 13.0 inches from bottom of fuel)
contour lines are constant values of Fr Fa
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5 MW THERMAL FLUX FROM 3-D CITATION
group 3 flux, Core I loading, blades at 8 inches,
fixed cadmium absorbers 10 inches from fuel bottom edge
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This effect can be seen in Fig. 5.2-12. For a plate in the
A-ring near the center of the core, raising the shim bank de-
creases the total power produced by the plate (Fr decreases)
because more power is bein produced by C-ring elements. If,
however, the element in the center of the core has a power
peak at a z position above the bottom edge of the core, as is
the case with the initially designed ICSA, then the axial peak
will occur at a higher position on the plate as the shim bank
is raised. This effect can be seen on Fig. 5.2-13.
Chapter 7 covers safety limits and operating limits for
the MITR-II. It is shown in Chapter 7 that the safety limit
is proportional to the total power produced on a plate. The
greater the power produced on a plate, the closer the approach
to the safety limit. If a factor, SLF, represents the safety
limit, then the higher the value of the SLF is, the closer
one is to the safety limit. It is also shown in Chapter
7 that the limiting condition- for operation is propor-
tional to the peak power generated and its axial location.
If an equation, OLE, represents the limiting condition
for operation, then the higher the value of the OLE is,
the higher one is to the limiting condition for operation.
The SLF and OLE are defined and evaluated in Chapter 7.
Table 5.2-4 shows that for an element in the C-ring,
raising the shim bank increases the value of the SLF
and decreases the value of the OLE (compare case 3
and 5). The same table also shows that for an element
in the A-ring with its peak above the bottom edge, raising
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TABLE 5.2-4
EFFECT OF ICSA AND BLADE HEIGHT ON INITIAL
CORE FACTOR EVALUATION ESTIMATES
Case Core Configuration
1 23 elements, 3 dummies,
blades at 10", ICSA
2 24 elements, 2 dummies,
blades at 10", ICSA
3 24 elements, 2 dummies,
blades at 10", ICSA
4 24 elements, 2 dummies,
blades at 8", ICSA
5 24 elements, 2 dummies,
blades at 8", ICSA
Channel
Location
A-2 next
to ICSA
A-2 next
to ICSA
C-8 next
to outer
edge
A-2 next
to ICSA
C-8 next
to outer
edge
* These factors are derived and explained in Chapter 7.
SLF*
2.74
2.68
2.41
2.78
2.21
OLE*
4.05
3.92
3.63
(
3.77
3.80
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the shim bank decreases the value of the SLF and increases
the value of the OLE (compare cases 2 and 4). For an
A-ring element which only has its peak at the bottom,
raising the shim bank would decrease the total power pro-
duced by the plate and decrease the power at the peak.
For this case, raising the shim bank decreases the value of
the SLF and can either increase or decrease the value of the
OLE depending upon the new axial distribution in the plate.
This shift with blade height will not be a problem
for Core I because there is adequate margin in the safety
limit for elements in the C-ring and adequate margin in
the A-ring for the limiting condition for operation with
the ICSA removed.
5.2.3.4 Sensitivity to the Number of Solid Dummies
For Core I, CITATION power density data can be used
to show that the fewer the number of solid dummies, the
more slightly favorable the core in terms of the safety
limit and limiting condition for operation. Comparing
cases 1 and 2 on Table 5.2-4 confirms this conclusion.
This trend occurs because the core power is being averaged
over more elements and there is more heat transfer area
available. There is a limit as to how many solid dummies
could be replaced by fuel elements (neglecting the addi-
tional problem of shutdown reactivity margin) before this
trend would reverse because lowering the shim bank to com-
pensate for the reactivity addition of the fuel element
174
would begin to cause excessive peaking in the lower core.
5.2.3.5 Sensitivity to the Incore Sample Assembly (ICSA)
Figure 5.2-13 shows the axial power distribution
in the fuel plate next to the ICSA as predicted by CITATION.
Insertion of the originally designed ICSA into the A-ring
causes excessive power peaking in surrounding elements.
As is discussed in Chapter 7, the unacceptable power peaking
caused by the ICSA as predicted by CITATION and confirmed
by the experimental measurements resulted in the originally
designed ICSA being removed for Core I of the MITR-II.
5.3 Experimental Measurement of Power Density
The power distribution in the MITR-II core was
experimentally measured by gamma scanning of removable
fuel plates in an MITR-II fuel element and is described
in this section. Before operation above 1 KW was per-
mitted, low power testing was required in order to.
determine initial power peaking and to measure the rela-
tive core power distribution of the cold and unpoisoned
Core I of the MITR-II.
5.3.1 General Description of Gamma Scanning
The gamma scanner design was initially developed by
Donald Labbe, Gamma Scanner for MITR-II Fuel Plates
(Ref. 5.3-1). Some modification and initial construction
was performed by Steven Grill, Construction of the Gamma
Scanner for MITR-II Fuel Plates (Ref. 5.3-2).
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The fission product density in a fuel element is
directly proportional to the power density history of the
fuel element. The purpose of the gamma scanner is to
measure the fission product gamma rays emitted from a
specific volume of a fuel plate while shielding out the
gamma rays from the remainder of the fuel plate. Com-
parison of the count rates from different volumes of the
fuel plate will show the relative power distribution.
Appropriate corrections must be made for background, back-
scatter radiation, decay times, edge effects and previous
irradiation history of the fuel plate. A fuel element
was constructed with removable plates so that it could
be irradiated in various locations throughout the core
and then removed and scanned after each irradiation. From
the scanning data, relative core power maps were developed
for the first core loading.
5.3.2 Scanner Apparatus
The gamma scanner apparatus consists of a lathe table,
collimator, lead shielding, electronics, removable plate
element, and transfer cask.
5.3.2.1 Removable Plate Element
A special fuel element was constructed for use in the
gamma scanning experiment. The element was constructed
by Gulf United Nuclear Fuels and was labeled 4M41. The
element is shown in Fig. 5.3-1 and is identical with a
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standard fuel element except that five fuel plates and one
end nozzle are removable.
The removable plates were not swaged into the element
as were the remaining ten plates. The five plates were
free to slide out of the element when the removable end
nozzle was unscrewed. The removable plate element was only
loaded in core for low power testing with the main coolant
pumps off because of the element's decreased structural
integrity caused by the loose plates. The element was
constructed to tight tolerances in order to simulate
channel dimensions in a standard element. Alcohol was
required to lubricate any plate to be removed in order to
prevent galling of the aluminum.
Each of the removable plates was radiographed in order
to determine the fuel density distribution in each fuel
plate. Fuel densities are measured by making densitometer
readings on the radiographs. Densitometer maps for each of
the five removable plates are shown in Figs. 5.3-2 through
5.3-6. Lower densitometer readings indicate high fuel
concentrations. Densitometer values for nominal fuel
density vary because of radiograph development techniques
and must be normalized against a standard for each radio-
graph.
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5.3.2.2 Collimator and Shielding
The collimator designed by Labbe (Ref. 5.3-1) and con-
structed by Grill (Ref. 5.3-2) is shown in Fig. 5.3-7. The
collimator was designed to maximize the count rate from a
one-sixteenth square inch area of fuel plate while minimizing
the effect of collimator leakage, background, and backscatter
radiation. Because of longitudinal variations in the fuel
plate power density were expected to be much greater than
transverse variations, a rectangular slot collimator was
developed. Care was taken during assembly of the collima-
tor section to avoid shielding weaknesses and gamma streaming.
The complete collimator and shielding arrangement is
shown in Fig. 5.3-8. Lead shielding was positioned com-
pletely around the tunnel where the fuel plate would be
located in order to limit backscattered radiation from
reaching the detector and to shield the experimenters.
The fuel plate was movable in the tunnel so that any point
on the plate could be placed under the collimator. Parts
of the shielding were machined to allow proper overlapping
of shielding, to allow free motion of the fuel plate,
and to allow shielding to fit in several tight positions.
A removable section of the collimator was constructed
to allow repeatable positioning of a standard source used
to check electronics drift. The location of the removable
section is shown in Fig. 5.3-8.
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A second collimator was installed in the gamma scan-
ning apparatus for measuring activated copper wires. Details
of this second collimator and copper wire counting are
described in Section 5.4.
5.3.2.3 Electronics
A block diagram of the electronics used in gamma
scanning fuel plates is shown in Fig. 5.3-9. The NaI (Th)
crystal, phototube, and preamplifier were positioned above
the collimator. After initial alignment and testing of
the counting setup, the detector was wedged into a fixed
position and remained in the same position for all scans.
5.3.2.4 Plate Movement
The movement of individual fuel plates under the
collimator section must be accurately determined. Positions
must be repeatably obtained within the desired experimental
accuracy. A precision lathe table was used to accomplish
these goals.
A long steel plate, 0.250 inch thick and 3.0 inches
wide, was secured to the lathe table. A slot on the plate
was machined for accurate and repeatable positioning of
fuel plates. The steel plate with the fuel plate riding
piggy-back could be moved transversely and longitudinally
in the tunnel under the collimator shielding. Indicators
attached to the lathe table gave the transverse (Y-axis)
and longitudinal (X-axis) position of the steel plate.
The zero positions for the indicators were determined by 187
sighting through the collimator to an end position on the
machined slot on steel plate. The repeatability of steel
plate positions was verified by using dial indicators.
The transverse and longitudinal dimensions were repeatable
in all cases to within 1/32 of an inch (±0.08 cm.).
5.3.3 Scanning Procedure
Fuel plate gamma scanning was performed as part of
MITR-II Startup Procedure 5.9.1. A separate procedure
was developed for handling of the removable plate element.
Details of these two procedures are given in Appendix A.
The development of scanning techniques is described in the
following sections.
5.3.3.1 Initial Tests
No fuel plate scans were performed by Labbe (Ref. 5.3-1)
or Grill (Ref. 5.3-2) to verify the initial design and con-
struction of the scanner apparatus because of delays in the
MITR-II construction schedule. Both Labbe and Grill
tested the detection system with a variety of standard
gamma sources in order to determine the detector re-
solution and the electronics drift. The NaI crystal
resolution was found to be acceptable and electronics
drift which would result in changing the low energy gamma
ray cutoff was found to be acceptable provided that the
detection system was allowed to warm up for several days.
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Labbe scanned some irradiated foils in order to
verify the repeatability of the plate positioning apparatus.
5.3.3.2 Preparations for Scanninq
Preparations for scanning included final testing and
modification of the gamma scanner apparatus and develop-
ment and testing of scanning procedures. The basic components
of the scanner had been assembled well in advance of the
actual experiment.
After the electronics were warmed up for several days,
a final check was performed on the detector resolution and
the discriminator settings were determined. The baseline
discriminator setting was chosen so that fission product
gamma rays with energies greater than approximately 0.35
Mev would be detected. A standard Il31 source provided
a means to set the low energy cutoff and check for any
electronics drift. Differential counts for a 0.2 volt
window and 1131 source versus discriminator voltage for
the scanner detector system are shown in Fig. 5.3-10.
For the scanning experiment, the discriminator was set at
0.5 volts, this setting corresponded to a position on the
lower energy side of the 0.3645 Mev iodine peak. A point
was chosen on the slope of the peak, rather than the peak
itself, so that the direction of the electronics drift
could be determined. Normal scanning took place with
counting in the integral mode, i.e., all detected gammas
above the cutoff energy would be counted. Placing an Il31
189
source in a repeatable position and no fuel plate in the
scanner, differential counts were taken using the same
baseline cutoff and a small voltage window. Thus by
looking at a small energy band on the slope of the iodine
peak, the drift of the energy cutoff up or down could be
indicated by respective increases or decreases in the
standard source counts.
A uranium foil counter was set up near the gamma
scanner apparatus. A block diagram of the foil counter
detection system is shown in Fig. 5.3-9. This setup was
needed to count uranium foils which would be irradiated
in a reactor pneumatic irradiation facility at the same
time the removable plate element was irradiated. The
foils would be counted simultaneously with the fuel plates,
resulting in data which indicated the fission product
decay rate. The uranium foil counter was checked with
standard sources and the baseline discriminator setting
was also determined using an Il31 standard source.
Differential counts for a 0.2 volt window and I 31source
versus discriminator voltage for the foil detector system
are shown in Fig. 5.3-10.
Some modification of the scanner apparatus was nec-
essary to allow free movement of the lathe table and
attached steel plate. Labbe (Ref. 5.3-1) had suggested a
series of points to be scanned on the fuel plates, but
limitations in the transverse movement of the fuel plate
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PLATE SCANNING ELECTRONICS BLOCK DIAGRAM
(A) gamma scanning electronics
2x2 NaI (Th) detector
phiototube
preamplifier
high voltage supply
main amplifier
pulse height
analyzer
(
(B) uranium foil counting electronics
2x2 NaI (Th) detector
phototube
preamplifier
high voltage supply
190
c
10
1.0
/
/
discriminator baseline setting (volts)
191
A \/
I
I
I
I
I
I
I
'I
I
I
I
I
I
I
1
I
/
F I G. 5.3-1 0
CALIBRATION CURVES OF
DETECTOR SYSTEMS
1131 source
differential counting
mode with 0.2 volt
window
gamma scanner
detector
uranium foil
detector
1.5 2.0 2.5
0
4)
04
4W
0
E)
102
192
in the shielding tunnel made it impossible to scan some of
his suggested points for backscattering corrections. The
shielding tunnel had to be shortened to obtain additional
longitudinal freedom to fully scan the fuel plates. In-
dicators were also added to the lathe table to allow
accurate measurement of fuel plate positions.
A transfer and handling procedure for the removable
plate element was developed. The procedure is given in
Appendix A. A steel cask was used to transfer the ir-
radiated fuel element from the reactor floor to the
counting location. Once at the counting location, the
element was transferred from the- steel cask to a lead
cave. The cave was open on both ends to allow easy dis-
assembly of the element and removal of fuel plates. The
cave was oriented in the counting location to minimize
backscattered radiation from reaching the scanner detector.
All scans were done with all parts of the removable plate
element in the cave except the single plate in the process
of being scanned. A sketch of the transfer cask and lead
cave is shown in Fig. 5.3-11.
A dry run was carried out using the unirradiated
removable plate element. This was done to insure that
the actual scanning with hot fuel plates, would be accom-
plished smoothly and with a minimum of personnel exposure.
The fuel plates were scanned to determine background
measurements but no counts above normal background (no
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plates in the scanner) were found. The geometric
efficiency of the scanner was too low to see the natural
activity of the uranium in the fuel plates. A standard
source (Na ) was then scanned to verify that all com-
ponents were working.
The procedure used for gamma scanning was Startup
Procedure 5.9.1 (a copy is included in Appendix A).
Because of uncertainty in the reactor power level and
projected fuel plate activation levels, an initial fuel
plate activation was required to determine the power
level and irradiation and decay times required to give
good statistics for scanning measurements. A thirty
minute irradiation was performed at a power of approxi-
mately 100 watts nominal (best estimate based on later
calibrations is that this corresponded to approximately
10 to 20 watts). This irradiation yielded peak count
rates around 4000 counts per minute. Because of the
desire to have peak count rates greater than 10,00 counts
per minute in order to have greater than 1% accuracy, the
irradiation time was increased to one hour, the power level
was increased by a factor of two, and the decay time (approx-
imately 2 hours) was held constant for the remaining fuel
plate irradiations. This resulted in an increase in the
activation level and count rate by a factor of four.
The position of the fuel meat inside the fuel plate
was determined using fuel plate radiographs supplied by
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Gulf United Nuclear Fuels. The distance from the fuel plate
end to the fuel plate meat could be directly measured since
the radiographs were full size. The relationship between
the fuel plate end and collimator position was previously
determined by sighting through the collimator and was re-
lated using the lathe table indicators. Thus a correlation
between the collimator position and the fuel position was
determined for each of the five removable plate.
The fuel plates were scanned in the trial irradiation
using the points suggested by Labbe (Ref. 5.3-3). This
scanning program (114 points scanned per plate) took an
excessive length of time and would result in low activities
in the last plates scanned. The major problem was the
numerous transverse scan points across the fuel element.
The power distribution changes of greatest interest were in
the longitudinal direction and thus the scanning points
were changed to increase the longitudinal point scans
and decrease the transverse scans. Sufficient transverse
scan points were retained to indicate transverse trends
and unexpected power peaking. Once a scanning program was
outlined, all scans had to conform to that program because
of limitations on decay corrections and inter-plate com-
parisons in the computer analysis. Sixty-six scanning
points were chosen and are shown in Fig. 5.3-12. Data
sheets developed for recording scanning data are shown in
Appendix F.
F I G. 5.3-1 2
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5.3.3.3 Irradiation and Counting
The removable plate element was irradiated fourteen
times in various core positions. The element would be
irradiated for one hour at 200 nominal watts (later best
estimates indicate that this was approximately 20 to 50
watts), then the reactor would be shut down. During the
irradiation, two foils, a uranium foil and a cobalt foil,
would be irradiated in a repeatable position in a reactor
pneumatic irradiation facility (lPH2). After cooling
incore for approximately one and one half hours, the re-
movable plate element would be removed to the lead cave in
the counting location (see procedure in Appendix A) .
Plates would be removed from the element one at a time and
scanned. The uranium foil from the pneumatic facility
would be counted simultaneously on the foil counter (1
minute counts) and the cobalt foil was removed to storage
for later counting. Plate scanning would usually commence
two hours after the irradiation was completed.
Background counts and standard source checks would be
made prior to commencing each element scan (Note: no
detector drift was detected). With a fuel plate inserted
in the scanner, one minute counts would be taken at each of
sixty-six locations. The sixty-six positions were aligned
in a rectangular array with three points across the plate
in the transverse direction for each of twenty-two long-
itudinal postions. The sixty-six positions are shown in
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Fig. 5.3-12. Gamma scans were always performed on the
same five plates and usually in the same order. Upon
completion of scanning the five plates for an irradiation,
the plates would be stored in the transfer cask and trans-
ferred inside the reactor containment. The element would
be allowed to cool until shortly before the next irradiation
when it would be cleaned, reassembled, and refueled back in-
to the next reactor core position.
Table 5.3-1 lists the core positions and removable
plate element orientations for each of the fourteen ir-
radiations. Figure 5.3-13 shows the incore location for
each of the irradiation positions. Irradiations were per-
formed with a few variables in the configuration. These
variables were dummy element location, incore sample
assembly location, and shim bank height. Table 5.3-1
lists the status of these variables when they affect an
irradiation. Sufficient core positions were measured to
be able to predict the power distribution in every core
position by utilizing core symmetry. Raw data for the
element scan is filed with Startup Procedure 5.9.1 in the
MITR Headquarters file. Samples of the raw data are
found in Appendix F.
5.3.3.4 Cobalt Irradiations
A 0.250 inch diameter by 0.003 inch thick cobalt
foil was irradiated in pneumatic facility 1PH2 during
each removable plate element irradiation. The cobalt
TABLE 5.3-1
POSITION OF REMOVABLE PLATE ELEMENT DURING CORE I IRRADIATIONS
Irradiation # Core Position Element Orientation
1
2
3
4
5
6
7
8
9
10
11
12
13
14
C-9
A-2*
C-5
B-4
A-2+
C-8
B-5
C-10
C-8**
B-9
C-14
C- 13
B-3
C-8***
* Incore Sample Assemble next to A-2
Plate 1 next to core housing
Plate 1 next to ICSA in A-1
Plate 1 next to core housing
Plate 1 next to radial spider
Plate 1 next to solid dummy in A-1
Plate 1 next to core housing
Plate 1 toward outer boundary of core
Plate 1 next to core housing
Plate 1 next to core housing
Plate 1 next to hexagonal spider and
solid dummy in A-1
Plate 1 next to core housing
Plate 1 next to core housing
Plate 1 next to hexagonal spider
Reference removable plate (plate 1 in
removable plate element) is the 15th
plate in element away from core
housing
+ Solid dummy next to A-2
** Irradiation performed with fuel element in C-13 removed and replaced with a
solid dummy so that blade height was at 8.90 inches (blade height at 7.65
for other irradiations)
* Element rotated 180* from position in irradiation #6
\0
%0
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REMOVABLE PLATE ELEMENT IRRADIATION POSITIONS
REGULATING ROD
- - -- plate 1 position
solid dummy element
solid dummy element except for Irr.2
when an ICSA was in this position
Blade height was 7.65 inches except for Irr.9
when blade height was 8.9 inches.
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foils were always positioned in the same manner in the
polyethylene sample holder to achieve a repeatable geometry.
The polyethylene sample holder, which is usually referred
to as a rabit, has interior cylindrical dimensions of
1 inch in diameter by 2 3/8 inches in lenth. A hollow
polyethylene cyliner (3/4 inch outside diameter by 2 inches
long) was inserted into the rabit with a cobalt foil taped
(with mylar tape) on one end and a uranium foil taped on
the other end. Both foils were heat sealed into small
polyethylene bags and the rabit was always inserted into
1PH2 so that the cobalt foil was closer to the send-receive
station than the uranium foil. The cobalt foils were used
to standardize power level to one irradiation. Variations
between irradiations occurred because of differences in rates
of achieving desired power level and small fluctuations at
the desired power level because of nuclear instrument
inaccuracy at low power levels.
The cobalt foils were thoroughly cleaned to eliminate
contamination from affecting the count rates. The foils
were counted for one hour in a counting setup for which
a block diagram is shown in Fig. 5.3-14. Discriminator
settings were adjusted so that gamma rays with energies
of the two Co60 peaks would be counted. Raw counts were
corrected for background, foil mass, and cobalt decay to
counting time. Table 5.3-2 gives counting data for cobalt
foils used during removable plate element irradiations.
FI G.
202
5.3-14
COBALT FOIL COUNTING ELECTRONICS BLOCK DIAGRAM
3 inch
NaI (Th h high voltage supply
well detector
phototube and
preamplifier
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connection
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main
amplifier
pulse height analyzer
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TABLE 5.3-2
CORE I REMOVABLE PLATE IRRADIATION COBALT FOIL DATA
Irradiation #
2
3
4
5
6
7
8
9
10
11
12
13
14
Raw Counts
27b17
27199
27191
27125
28723
27206
26904
27513
26545
28008
27742
27710
27121
28086
Corrected for
Background
13696
13278
13270
13204
14802
13285
12983
13592
12624
14087
13821
13789
13200
14165
Corrected for
Mass and
Background
12854
13278
13037
12588
13409
13081
12392
12998
12338
12792
12812
12949
13156
13196
Total Counts
Corrected for
Decay, Mass,
and Background
12924
13327
13089
12635
13454
13043
12412
13016
12352
12803
12822
12954
13157
13196
Total corrected counts for the Kth irradiation = COB(K)
0'
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5.3.4 Data Analysis
Gamma scanning the removable plate element yielded
raw counts for various longitudinal and transverse positions
on fuel plates. The decay time from each irradiation was
also recorded for each individual count. Sample data sheets
used to compile and transcribe approximately 500 pages of
raw data are shonw in Appendix F. From this large amount
of data, power distributions were predicted.
5.3.4.1 Computer Code GAMSCAN
Computer code GAMSCAN is used to calculate the cor-
rections to the raw fuel plate counting data for fission
product decay, effects of previous irradiations, and
background activity. This yields corrected counts for
input to computer code COREFAC. Appendix C contains a
listing of GAMSCAN.
5.3.4.1.1 General Description
The initial version of GAMSCAN was written by Labbe
and is described in Gamma Scanner for MITR-II Fuel Plates
(Ref. 5.3-1). Gamma scanning irradiated fuel plates
yields raw counts of fission product decay in the given
plate. The fission product decay rate depends upon the
duration and power level of the irradiation period and
upon the history of previous irradiations. By correcting
the raw data to determine a fission product decay rate
for each point two hours after an irradiation as a result
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of only that irradiation, the correct fission product
decay rates can be correlated to the power distribution.
Because of the difficulty of performing decay corrections
by hand, GAMSCAN was written to perform the calculations.
The initial version of GAMSCAN was divided into two
parts. The first part performed the appropriate decay
and background corrections and the second part corrected
for edge and area averaging effects. The front (and main)
part of the code was improved and debugged and used for
correcting the raw data. The second part has been dis-
carded because it did not properly correct for edge and
area averaging effects. These latter effects were corrected
by a hand calculation for fuel plates of interest.
GAMSCAN was written in Fortran IV computer language
and was run on the IBM System 360 at the MIT Computation
Center. The code was expanded in size from its original
version in order to evaluate all of the data input.
5.3.4.1.2 Decay Corrections and Input Requirements
GAMSCAN utilizes an experimentally determined fission
product decay curve derived from U235 foil irradiations in
the MITR-I. Fission product activity versus time for a
ten minute irradiation at approximately 100 watts is shown
in Fig. 5.3-15. Activity two hours after the ten minute
irradiation is set equal to one and all other activities
are measured relative to the two hour activity. The frac-
tion of the activity at a given time relative to a two hour
206
F I G. 5.3-15
TEN MINUTE IRRADIATION DECAY CURVE
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activity
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time after completion of irradiation (hours)
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decay can be read off Fig. 5.3-15. By dividing the
curve shown in Fig. 5.3-15 into linear approximations
for small time segments, a fission product decay equa-
tion is used by GAMSCAN.
The decay curves of fission products gamma rays
for irradiations greater than ten minutes were determined
by relating a longer irradiation to a series of ten
minute irradiations. For example, the count rate at
two hours from the completion of a sixty minute irradiation
is the sum of the ten minute irradiation count rates at
the following six decay times:
1) 2.833 hours,
2) 2.667 hours,
3) 2.500 hours,
4) 2.333 hours,
5) 2.167 hours,
6) 2.000 hours.
Because of low powers, depletion and poisoning effects
are small, the method of using ten minute intervals to
determine decay curves for longer intervals is valid.
The advantage of using ten minute intervals is two-fold.
First, irradiations of different lengths can be handled
by the code. Second, fluctuations in power only have to
be averaged over ten minute intervals rather than obtaining
an average power for the complete irradiation.- Note that
for an irradiation time of greater than ten minutes the
actual reference time will be somewhat greater than two
hours from the first ten minute interval. However, the
reference time is identical for each irradiation of the
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same time length and for future discussion, this reference
time is referred to as the two hour reference time.
Raw counts are normalized to the two hour reference
time by dividing the raw count by the fraction of activity
relative to the two hour reference activity at the time the
raw count was taken. The power level of the irradiation
for each of the ten minute segments is normalized to a
reference power for all irradiations. For a given irradia-
tion period divided into N ten minute intervals, the decay
corrected counts would be:
N P.
CCR= R R-1) (5.3-1)
=1 i
where,
thCCR is the count corrected for decay for the R
irradiation,
CR is the raw count for the Rth irradiation,
BR is the background count for the Rth irradiation,
CR-1 is the count from all irradiations previous to
irradiation R,
th
P. is the power level of the i ten minute interval,I
A is the reference power level,
f. is the fraction of activity present at time t.,
1 1
.th
t. is the decay time from the i irradiation interval
to the middle of the counting period,
N is the number of ten minute irradiation intervals.
The method of obtaining corrections for background and
backscatter counts is found in Section 5.3.4.4. The activity
- .am&.. - -
of previous irradiations must be subtracted from the raw 209
counts before the decay correction can be made. The decay
time of previous irradiations is the sum of the time between
irradiations and the decay time from the last irradiation.
The activity due to previous irradiations can be calculated
as follows:
R-l NK P ,
CR-1 = _ (CountsK-BK) . A R-Ki
K=l i=1
where,
Cou
fT
Requirec
1~n
, (5.3-2)
CR-1 is the activity due to all irradiations
previous to irradiation R,
intsK is the counts of the K th irradiation,
BK is the background for the Kth irradiation,
PKi is th hpower level of the ith interval of
the K irradiation,
A is the reference power level,
1-Ki is fraction of ac tvity present from the ithinterval of the K ifradiation at the time
of count after the R irradiation,
R is the number of the last irradiation,
N K is the number of tIen minute irradiation in-
tervals in the K irradiation.
d input to GAMSCAN is listed as follows:
NO is the number of times the fuel plates are
irradiated,
NZG is the number of fuel plates irradiated,
MZS is the number of points counted per plate,
A is the reference power level,
P (Ys) is the numer of points to be counted per plate
for the K irradiation,
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LI(K) is the number of te~hminute irradiation
intervals for the K irradiation,
DT(K) is the time between irradiations in minutes,
e.g., PT(3) is the time between the starts
of irradiation 2 and 3,
th
P(K,I) is the power leve hof the I ten minute
interval of the K irradiation,
XX(I) are the x and y coordinates of the Ith
YY(I) point on the plate,
B(K) is the iRut background count for a plate
in the K irradiation,
T(K,J) is the t e in minutes between the start
of the K irradiatiohand the middle of
the counting of the J point,
C(K,J) is th hcounts/minute recorded at point J for
the K irradiation.
For the present GAMSCAN code, the following restrictions
exist:
1) The number of irradiations (NO) cannot exceed 14,
2) The number of points scanned (MZS, MP(K)) cannot
exceed 67 and must be the same points for all
irradiations and inputed in the same order,
3) The number of plates counted (NZG) cannot exceed 5,
4) The number of ten minute irradiation intervals can-
not exceed 7,
5) XX(I) is the distance in the longitudinal direction
from the lower left corner of the fuel plate meat
to the center of the point being scanned,
6) YY(I) is the distance in the transverse direction
from the left edge of the fuel meat.
GAMSCAN yields corrected counts for input to COREFAC.
These corrected counts correspond to the expected count rate
at a point on a fresh fuel plate that would exist two hours
after an irradiation at a reference power. Sample input and C
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output data can be found in Appendix F.
5.3.4.1.3 Code Limitations
The initial version of GAMSCAN was streamlined to
eliminate area averaging and edge correction routines which
were not successful. The final code merely corrected the
raw counting data for fission product decay, background,
and backscatter. The number of irradiations and points
scanned is limited by the allowable computer core space.
The accuracy of the output is limited by counting statistics
and background corrections.
Raw counts on the fuel plates were on the order of
10,000 counts per minute which would give a statistical
accuracy of approximately 1%. Because some counts were
taken a considerable time after the irradiation, the raw
counts would be multiplied by a factor as much as 8 in
order to yield normalized two hour counts. Because of this
potential for multiplication of error, there is considerable
importance in making sure that the decay and background
corrections are accurate and minimizing statistical in-
accuracy by maximizing the count rate.
The limiting factor on count rate was the allowable
personnel radiation exposure during removable plate element
handling. Table 5.3-3 gives radiation dose levels for a
typical irradiation of the removable plate element. Because
the removable plate element had to be disassembled and re-
assembled manually a total of at least fourteen times for
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TABLE 5.3-3
RADIATION SURVEY RESULTS OF TRANSFER OF REMOVABLE PLATE
ELEMENT FOLLOWING A 1 HOUR IRRADIATION AT 200
NOMINAL WATTS AND A 70 MINUTE DECAY
Survey Results
A. Transfer from Core (unshielded) to Gun Barrel - Reactor
Floor
1. 300 mR/hr at 1 meter
2. 15 mR/hr at 4 meters
3. 300 mR/hr - Surface - Gun Barrel
4. 500 mR/hr - Top Gun Barrel (unshielded)
B. Transfer from Gun Barrel to Pb Cave (in hotshop)
1. Outside Pb Cave 10-15 mR/hr
2. 1 Fuel Plate Removed
a. 50 Rad/hr - contact, hot end
b. 20 mR/hr at 3 feet - partially shielded
3. Radiation Dose Rates of Worker Disassembling Fuel Plate
(partially shielded - cold end exposed)
a. Hands 100 mR/hr ' , 700 mRad/hr Beta and Gamma
b. Body 50 mR/hr
C. Estimated Beta and Gamma Exposure to Hands for each
Assembly and Disassembly (approximately one each day)
and based on a Total Exposure Time of 10 Minutes:
1. Gamma dose rate = 100 mR/hr = 20 mR
2. Beta and Gamma dose rate = 700 mRad/hr = 100 mRad
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Core I, the activity from a one hour irradiation at 200
nominal watts was taken to be the upper limit.
As stated in Section 5.3.4.1.2, the decay curve for
fission products was derived by combining an experimentally
determined tem minute irradiation decay curve into a series
of ten minute irradiations to determine the decay curve for
a long irradiation. All irradiations used to determine
the power distribution were sixty minutes long. Figure
5.3-16 shows the decay curve which GAMSCAN predicts would
occur from a sixty minute irradiation of a plate with no
previous irradiation history. A uranium foil (10% U235 by
weight in aluminum) was irradiated in a pneumatic facility
and subjected to the same irradiation history as the removable
plate element. As can be seen by Fig. 5.3-16, the measured
decay rate of the foil agrees well with the GAMSCAN decay
rate. Foil data for irradiation 2 is plotted on Fig. 5.3-16
because there was a four day decay between irradiation 2
and irradiation 1, thus approximating a foil with no pre-
vious irradiations. Also, in case of irradiation 1, sufficient
shielding had not been placed around the foil counter to
shield against background radiation in the room which changed
with time because of decay of the removable plate element.
In order to verify the accuracy of the corrections for
background and previous irradiations, several fuel plates
were rescanned a second time after the completion of initial
scans. Figure 5.3-17 shows the difference between predicted
FIG. 5.3-16
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and actual decay evaluations for a plate that had cooled
twenty-four hours. The difference is less than 100 counts
which is less than a seven percent error in the background
and previous irradiation correction. Since the background
and previous irradiation correction is about five to ten
percent of the raw counts taken immediately after an
irradiation, the error in correcting the raw counts is less
than one percent which compares favorably with counting
uncertainty.
The greatest accuracy in the decay correction occurs
when the counts are made two to seven hours after the
irradiation when the log of decay versus time is somewhat
linear. For a second count which was taken approximately
seven hours after the first count to test the previous ir-
radiation and background correction, the error in the
correction resulted in an error in the corrected counts of
approximately 2-3%. For this case, the log of the decay
versus time was non-linear. For all of the irradiations
performed in measuring the power distribution, the second
irradiation occurred more than eighteen hours after the
first so that the correction error should be small.
5.3.4.2 Computer Code COREFAC
Computer code COREFAC is used to calculate both plate
and core wide distribution factors from data from GAMSCAN.
Appendix D contains a listing of COREFAC.
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5.3.4.2.1 General Description
COREFAC was developed to handle the large amount of
data output from GAMSCAN in order to determine Fr, the
radial peaking factor, and Fa, the axial peaking factor.
Corrected counts for each of the 66 points for each of
the five plates for each of the fourteen irradiations are
punched on cards by GAMSCAN for input to COREFAC. Cobalt
foil data is used by COREFAC to normalize the corrected
counts from the fourteen irradiations in Core I to one
irradiation power and time length. For each plate the
average counts per unit area of plate was determined and
thus a point to average ratio was determined for each of
the sixty-six points on the plate. This point to average
value is equivalent to the Fa at each of the points. For
points on the lower edge of the plate, additional cor-
rection was required to obtain a true value of Fa because
of area averaging effects. Section 5.3.4.5 explains the
edge peaking correction.
Knowing the average counts per plate and applying
symmetry to the core, a core average counts per plate by
the average counts per plate for the core, plate to core
average ratios were obtained. These ratios correspond to
Fr, the radial peaking factor.
COREFAC was written in Fortran IV computer language
and was run on the IBM System 360 at the MIT Computation
Center. Required input values for COREFAC are the following:
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CORR
NO is the number of irradiations evaluated,
NZG is the number of plates/element counted,
MZS is the number of points/plate counted,
COB(K) is the cobalt foil count for the Kth
irradiation,
), Y(I) are the x,y coordinates for the Ith
point on the plate counted,
WT(K,J) is the corg average weight gg factor
for the J plate in the K irradiation
(NWT(K,J)=CORWT(K) x PLTWT(K,J), see
Section 5.3.4.2.4),
ARWT(I) iEhthe area weighting factor for the
I point,
AT(J,I) is th hcorrected counttfrom GAMSCAN of
the I point of the J plate for each
representative irradiation.
5.3.4.2.2 Cobalt Corrections
Cobalt foils were irradiated in a repeatable position
in an experimental facility lPH2 for each irradiation. The
computer code GAMSCAN has the capability of correcting
for power variations during an irradiation because GAMSCAN
treats all irradiation as a series of ten minute irradiations.
For all fourteen irradiations the power level was constant
during the irradiation and thus the same reference power
was used in GAMSCAN for all ten minute intervals of all
fourteen irradiations. However, GAMSCAN did not have the
capability to adjust for varying rates of achieving
desired power and because nuclear instrurentation was not
sensitive to small fluctuations in power and was susceptible
to drift between irradiations, the cobalt foil data was
(PP
(
- N
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used to standardize power between irradiations in COREFAC.
Corrected cobalt foil data is shown on Table 5.3-2.
A cobalt foil count for each irradiation was inputed to
COREFAC. The minimum count was determined and each count
inputed from GAMSCAN was corrected as follows:
CORRAT(K,J) = CORRAT(K,J) x SMCOB
_ RA(J)COB(K) (5.33)
where,
CORRAT(K,J) is the corrected count for the Jth
p2gition of the given plate for theK irradiation,
SMCOB is the smallest cobalt foil count,
COB(K) is the cobalt foil for the Kth
irradiation.
All cobalt counts were greater than 10,000 so that the
counting statistical error in cobalt correction should be
less than 1%.
5.3.4.2.3 Plate Area Weighting Factors
Sixty-six points were scanned on each removable fuel
plate. Each point was representative of a local section
of the fuel plate. Figure 5.3-12 shows the scanning point
locations. Most scanning points were taken in areas of
highest power density or maximum power gradient in order to
determine as accurately as possible the power distribution.
Counts per unit area were obtained for each point
scanned by dividing the number of counts at that point by
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the collimator area (0.0625 square inches). These counts
per unit area were then multiplied by the amount of area
for which each of the points was representative. The
respective areas for each point are listed in Table 5.3-4.
The area for each point was defined as being a rectangle
whose sides were located at the median position between the
point of interest and the surrounding points. For points
near the border of the fuel meat, the fuel meat boundary
was the respective side of the effective rectangle. Figure
5.3-12 shows some examples of point effective areas.
By summing up the counts for all areas on the plate
and dividing by the fuel meat area, the average counts per
unit area for the plate is determined. Dividing the aver-
age counts per unit area of the total plate into the counts
per unit area of each point yields the ratio of point
power to average plate power. The ratio for a point X is
represented by the following equation:
Unit Power at Local Point
Average Unit Power on Plate
(Counts/unit area)
66
: (Counts/unit area) x Representative Area
x=1
Total Area of Fuel Meat
(5.3-4)
The above ratio actually represents the Fa at each
point on the plate. The spike at the bottom edge must be
TABLE 5.3-4
FUEL PLATE EFFECTIVE AREAS FOR GAMSCAN
J
3
2
3
4
5
6
7
8
9
10
11
12
13
14
15-
16
17
18
19
20
21
22
Area (in. 2
0.0
0.0
0.0
0.0225
0.0215
0.0205
0.0449
0.0430
0.0410
0.0674
0.0645
0.0615
0.0898
0.0860
0.0820
0.0898
0.0860
0.0820
0.1348
0.1289
0.1231
0.2695
POINTS IN CORE I
Area (in. 2
0.2578
0.2461
0.3593
0.3437
0.3281
0.5391
0.5156
0.4922
0.7188
0.6875
0.6562
0.7188
0.6875
0.6562
0.6289
0.6016
0.5742
0.5391
0.5156
0.4922
0.5391
0.5156
J
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
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Area (in. 2
0.4922
0.5391
0.5156
0.4922
0.6289
0.6016
0.5742
0.7188
0.6875
0.6563
1.797
1.719
1.641
3.594
3.438
3.281
3.009
2.879
2.748
0.8086
0.7734
0.7383
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corrected for by hand, but because it adds only a very
small amount to the actual power produced by the plate,
the error in determining the average plate power by ne-
glecting it is small.
5.3.4.2.4 Core Average Weighting Factors
In the previous section, plate average counts were
determined for each fuel plate irradiated. The plate
averages must be properly weighted in order to determine
a core wide average counts per plate.
The first task is to weight the plates within the
element since in all cases only five plates out of fifteen
could be scanned in each irradiation. This weighting was
accompAshed by plotting the power distribution through
the element at several elevations. By dividing the
distribution curve up into a series of blocks in which the
integral of the area under the blocks approximately equals
the integral of the area under the distribution curve, the
number of plates that each plate counted represents can be
determined. Figure 5.3-18 shows an example for the case
of the removable plate element irradiated in position B-5.
Similar curves were made for all irradiations in order
to determine plate weighting factors for the plates .in each
irradiation. Table 5.3-5 shows how plates were weighted in
each element for all the irradiations.
Core symmetry was used to relate element positions for
which irradiations were performed to element positions for
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which irradiations were not performed. Figure 5.3-19
shows which element positions were considered to be
equivalent. The plate weighting factors for each element
were then increased by a factor equal to the number of
elements similar to the element irradiated in order to
derive a core wide weighting factor for each plate counted.
Derivation of a core average power per plate is summarized
by the following equation:
14 5
CORWT (K) :. PLATEAVE (K, J) x PLTWT (K, J)
k=1 J=l
CORAVG =
Total Plates
(5. 3-5)
where,
CORAVG is the core average counts per unit
plate area,
CORWT (K) is the number of elements in the final
c re that can be represented by the
K irradiation,
PLATEAVE(K,J) is th haverage counts pH unit area on
the J plate for the K irradiation,
PLTWT(K,J) is the number othplates in the element
irradiated in K irradltion that can
be represented by the J plate.
Values of CORWT(K) x PLTWT(K,J) used for evaluation of
Core I can be found on Table 5.3-5. For some cases CORWT(K)
is zero and thus the product is equal to zero because some
irradiations are not representative of elements in Core I,
for example, the case of A-2 position next to the ICSA
was not present in the final core.
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FIG. 5.3-19
REMOVABLE PLATE ELEMENT IRRADIATIONS WHICH REPRESENT THE
CORE I FUEL POSITIONS
REGULATING ROD
solid dummy element
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TABLE 5.3-5
PLATE WEIGHTING FACTORS FOR USE IN COREFAC
TO MODEL CORE I FINAL CONFIGURATION
Core Element
Position
(Irradiation #)
C-9
(Irradiation #1)
A-2
(Irradiation #2)
(ICSA in A-1)
C-5
(Irradiation #3)
B-4
(Irradiation #4)
A-2
(Irradiation #5)
(Solid dummy in A-1)
GAMSCAN
Plate #
Number of
Plates in
Element
Represented
by Plate
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1 1/2
3.1/2
3
3
4
0
0
0
0
0
2
3
3
4
3
2
3
3
3
4
2
3
4
3
3
Number of
Plates in
Core
Represented
by Plate
3
7
6
6
8
0
0
0
0
0
8
12
12
16
12
4
6
6
6
8
4
6
8
6
6
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TABLE 5.3-5 (Continued)
Core Element
Position
(Irradiation #)
C-8
(Irradiation #6)
B-5
(Irradiation #7)
C-10
(Irradiation #8)
C-8
(Irradiation #9)
(Blades at 8.9",
C-13 removed)
B-9
(Irradiation #10)
C-14
(Irradiation #11)
GAMS CAN
Plate #
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
Number of
Plates in
Element
Represented
by Plate
1
2
2
1
2
2
3
3
4
3
1
3
3
3
4
0
0
0
0
0
2
3
3
3
4
1
3
3
3
4
Number of
Plates in
Core
Represented
by Plate
1/2
1/2
0
0
0
0
0
4
6
6
6
8
1/2
1/2
6
14
12
12
16
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TABLE 5.3-5 (Continued)
Core Element
Position
(Irradiation #)
C-13
(Irradiation #12)
B-3
(Irradiation #13)
C-8
(Irradiation #14)
GAMSCAN
Plate #
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
Number of
Plates in
Element
Represented
by Plate
1
3
3
3
4
2
3
3
3
4
1
2
1
2
1
1/2
1/2
Number of
Plates in
Core
Represented
by Plate
3
7
6
6
8
4
6
6
6
8
1
2
1
2
1
in Core = 360Total Plates
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Once the core average counts per unit area are
determined, the plate average counts to core average
counts ratio can be determined for each plate by dividing
plate average counts by the core average counts. This
ratio corresponds to Fr, the ratio of the power pro-
duced in a plate to the average power produced per plate
in the core.
5.3.4.2.5 Code Limitations
COREFAC performs straight-forward numerical manipu-
lations. The main limitations of the code are the approx-
imations on input accuracy for plate weighting factors and
element weighting factors. Also, the code does not cal-
culate the lower edge peak which must be corrected by
hand. At present, the code is limited to being able to
handle fourteen irradiations because of DIMENSION limit-
ations. Counts for all irradiations for a given plate
must be inputed before counts are inputed for the next
plate.
5.3.4.3 Collimator Effective Width
In order to properly determine the actual edge peak-
ing from experimental data, it is necessary to determine
the effective collimator width. The effective collimator
width will be somewhat greater than the actual physical
collimator width because of leakage through the collimator
shield. The effective collimator width used in edge peaking
230
correction was experimentally determined.
Figure 5.3-20 shows how the counts at the edge of a
uniform plate source would vary as the edge of the plate
source moves through a perfect collimator opening. A
"perfect" collimator opening has no shield leakage and
thus even the smallest amount of shield completely attenuates
the source. As can be seen on Fig. 5.3-20, the distance
between the breaks in count rate curve is equal to the
collimator width. In reality, some shield leakage exists
and thus radiation from points beneath the collimator
shield leak through the shield and are counted by the
detector. By scanning a distinct edge of a uniform plate
source, the effective collimator width can be experimentally
determined. The effective width corresponds to the distance
between the two breaks in the experimentally determined
count rate versus edge position curve.
It was not possible to accurately determine the
effective width from fuel plate data because of uranium
density variation at the edge of the fuel meat. Therefore,
a large indium foil was irradiated in a uniform flux and
scanned to determine the effective collimator width.
Figure 5.3-21 shows the indium foil which was used for the
following reasons:
A) Indium has a large capture cross section and
thus is easily activated to dose rates that
approximate a fuel plate and,
B) Activated indium has numerous short-lived gamma
rays with a wide spectrum of energies which
helps simulate fission product gamma rays.
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FIG. 5.3-20
EXAMPLE OF A PERFECT COLLIMATOR SCANNING A UNIFORM
EDGE SOURCE DISTRIBUTION
edge source
4J
0
w.
distance in x-direction from reference point
count rate versus position
-- width of perfect collimator
distance in x-direction of centerline of
collimator from reference point
0
0
4.)
0o
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The indium foil was positioned on a blank aluminum
plate to approximate the fuel meat in a fuel plate. The
lower edge of the foil was a distinct edge whose position
in the gamma scanning apparatus could be accurately deter-
mined relative to the collimator opening. The foil and
blank plate were irradiated at a nominal power of 200 watts
in 3GV6 for twenty minutes (3GV6 is an irradiation facility
located in graphite reflector region surrounding the reator).
The neutron flux shape is nearly flat in the facility and
thus the foil was uniformly activated. The foil was
oriented in the facility to avoid self shielding which
would give nonuniform activation.
The "indium fuel plate" was removed from 3GV6 and
scanned in the gamma scanning apparatus. A scan of the
longitudinal centerline of the "indium fuel plate" is
shown in Fig. 5.3-22. The distance between the breaks in
the curve correspond to 0.2 inches (actual collimator width
is 0.125 inches). Thus the effective collimator width is
taken as 0.2 inches.
5.3.4.4 Background and Backscatter Correction
The amount of background and backscatter correction
at a point scan on a fuel plate is dependent upon the
position of the fuel plate in the scanner apparatus and
the total activity of the fuel plate being scanned.
The correction, B(K), varies with fuel plate total activity
because shield leakage is proportional to the total plate
FIG. 5.3-22
0.2 in
50,000 -
40,000-
30,0001-
EFFECTIVE COLLIMATOR WIDTH DETERMINATION
20,000 k
10,000
0
60,000
0U
0 2 3
distance from center of collimator to edge of indium foil
(inches)
w
I I
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activity. Also, shield leakage seen by the detector is
dependent upon the physical location of the fuel plate
in the scanner.
The original correction method proposed by Labbe
(Ref. 5.3-1) was to take background counts off the
transverse edge of the fuel plate (i.e., no fuel meat
directly under collimator) at various longitudinal
positions. In this manner, a specific correction curve
would be generated for each fuel plate. This curve
would include effects from both the activity of the
plate being counted and the longitudinal positioning of
the fuel plate (the variation of B(K) with the lateral
positioning of the fuel plate is small because of the
narrowness of the fuel meat). This correction method
was not possible because of limitation in the lateral.
motion of the scanner apparatus which prevented taking
counts off the edge of the fuel meat at various long-
itudinal positions.
A generalized correction curve was developed in order
to determine how the shape of the background and back-
scatter correction B(K) varied with longitudinal position
of the fuel plate. When each plate was inserted into the
gamma scanner apparatus, a position off the lower end of
the fuel meat was counted as a reference background point.
This reference count was proportional to the activity of
the fuel plate. Figure 5.3-23 shows the generalized curve
of the ratio of B(K) to reference point count versus long-
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itudinal fuel plate position. An equation for this (
generalized curve is included in GAMSCAN. Using the
inputed reference count and the longitudinal position
of a given point, GAMSCAN calculates a background and
backscatter correction, B(K), for that given point using
the generalized equation. In a similar manner, values
of B(K) are determined for all points scanned on a plate.
The generalized curve was experimentally determined
and tuned to give accurate decay -and background correction
when compared with repeat scans of fuel plates. Figure
5.3-23 also shows experimental data for the ratio of counts
off the edge of the fuel meat to.counts at the reference
point at various points along the length of the fuel plate
for one plate in an irradiation. It was possible to
obtain these counts by placing the fuel plate next to the
machined slot used to hold the fuel plate and locating
the edge of the fuel meat slightly.offset from the colli-
mator. The sample data points slightly disagree with the
generalized curve at positions near the top of the fuel
but this is because these experimental points were counted
in a short time period during which little additional decay
of the fuel plate would have occurred. During the actual
complete scanning of a fuel plate the top of the plate
would have decayed for an hour longer than the bottom
of the fuel plate because of the time required to perform
the scan. As a result the total activity of the plate
1.
1.3
1.2- 0
1.1-
1.0-
0.9
0. 0
0
0.7-
0.6- 0 M
$-0
0 5_ 0 F I G. 5.3-2
*4
0.4- GAMSCAN BACKGROUND AND BACKSCATTER CORRECTION CURVE
0.3~ Curve is included in GAMSCAN computer code.
Plotted points are experimental data points.
0.2... 0
0.1-
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
distance from lower edge of fuel meat (inches)
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will be lower during the final point scanning and thus
B(K) will be lower than what would be the case if all
points were counted in a short time period.
5.3.4.5 Edge Peaking Correction
In order to determine the expected edge peaking
properly an extremely narrow collimator width would have
to be used to prevent the peak from being averaged out
over the coolimator width. An extremely narrow collimator
opening would give low count rates which would result in
statistical inaccuracies and cause high background and
backscatter count rates relative to the actual count.
The collimator opening used (0.5 inches x 0.125 inches)
is a compromise between maximum resolution and maximum
count rate. The collimator width of 0.125 is not small
relative to the distance over which the edge peak occurs,
therefore additional correction is required. Because the
collimator length in the direction parallel to the edge
peak is smaller than the length of the edge peak, the
following one-dimensional model is valid.
The fission product activity, which is directly
proportional to the power at the edge during operation,
is found to be represented by the distribution as shown
in Fig. 5.3-24 and can be approximated by the following
function:
P'(x) = 0 for x < x , (5.3-6)
P(x) = Ae-a(x - x 0 ) + B for x > x (5.3-7)
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FIG. 5.3-24
ASSUMED POWER PEAK SHAPE AT BOTTOM EDGE OF FUEL
A
B
0
distance from bottom of plate in the
x-direction
2 is the collimator width
x
'44
0
0
*r4
4Ji
U
cds
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where,
P (x) is the fission product activity at point
as a function of x,
A is the amplitude of the exponential,
B is the constant base level of activity
beneath the actual peak,
x 0 is the location of the end of the fuel,
a is the reciprocal of the relaxation length
for x the peaking at the end.
If the detector integrates over length Z, where Z
is the effective width of a collimator whose center is
at x, the counts obtained assuming detector efficiency
constant and equal to one will be:
x + Z/2
C(x) = P(x)dx . (5.3-8)
x - L/2
The above equation can be divided into the following
for various values of x:
C(x) = 0 for x 1 x0 - 1/2 , (5.3-9)
x + 1/2
C(x) = P(x)dx for x - 2/2 < x . x + 1/2
0 (5.3-10)
x + 1/2
C(x) = P(x)dx for x > x + L/2 . (5.3-11)
x - /2
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Substituting Eq. 5.3-7 for P(x) and integrating for
general limits yields:
x2
C(x) =
xl
P(x)dx
x 2
= A 2
1I
x 2
ea(x - x 0 )dx + Bdx,
xl
(5. 3-12)
giving,
C W Ae-a (x - x9)
a
x2
+ B(x 2 - xl) 0 (5.3-13)
The integral limits from Eqs. 5.3-10 and 5.3-11 are put into
the general Eq. 5.3-13. For Eq. 5.3-10 where,
x90- /2 < x x0 + Z/2
x 1 X0
x 2= x + Z/2,
Eq. 5.3-13 becomes:
C (x)=A[e-a(x0 - x)
a - 9-a(x + Z/2- x0] +
B [x + 1/2 - x (5. 3-14),
which simplifies to:
C(x) = -[l - e-a(x + k/2 - x)] + B[x + 1/2 - x
(5.3-15)
For Eq. 5.3-11 where,
x0 + X/2
x = x - X/2 ,
Eq. 5.3-13 becomes:
C(x) = Ae-a(x - L/2 - xo) _ -a(x + L/2 - x)] + B,
a
(5. 3-16)
which simplifies to:
C(x) = A[e -a(x +a
t/2 - x0) at
- 1]] + Bt . (5. 3-17)
The value of C(x) for all values of x is given by three
expressions:
C (x) = 0 for x < x - L/2, (5.3-18)
C(x) = [1 - e -a(x- x0 + 1/2)] + BEx - x -+ £/2]a 0
for x - L/2 < x x  + 1/2,
Cx = A -a(x - x0 + 2 [ - 1]] + B
a
(5.3-19)
(5.3-20)
for x > x + t/2.
Now the peak measured number of counts will occur when
x = x0 + X/2 because the detector will be viewing the maxi-
mum amount of activity. If the detector viewed the peak
activity over the whole collimator effective width 1,
242
r
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Cpeak would be:
Cpeak = (A + B) t. (5.3-21)
Thus the ratio of the actual peak to the measured peak using
Eq. 5.3-19 and substituting x0 + Z/2 for x becomes:
C0
Cpeak (A + B)Z
C(x0 + t/2) ~ A 
_ -at + BL] (5.3-22)
a
Note that if the detector efficiency was not equal to one,
but still a constant, it would have divided away at this
point.
Because the constant base level measurement is not
subject to collimator area averaging and can be easily
measured, the rise factor above the base level is the
value of interest. If the base level counts is equal to
Bt, the rise factor is:
D* - Actual peak-base level (A + B)L - Bt
Measured peak-base level A _ e-) + a -t
(5.3-23)
which simplifies to:
D* = at-at ' (5.3-24)
1 - e
or
Actual peak above base level = a ai )xmeasured peak
1- e above base level.
(5.3-25)
244
In order to determine the actual peak from the measured peak,
B, E, P,,, and a mus.t be determined where:
B is the base level activity,
L is the effective collimator width,
P M is the measured peak above the base level,
a is the reciprocal of the relaxation length for
the peaking at the end.
The effective collimator width, Z, was determined
experimentally as described in Section 5.3.4.3. The
remaining parameters B, PM, and a were determined for each
plate of interest by graphically interpreting the power
distribution data obtained from gamma scanning. Figure
5.3-25 is an example of plots used to determine B, PM, and
a. Because the actual uranium density tapers off at the
fuel plate ends, this extrapolation gives a conservative
value of the bottom edge peak for the plates as constructed.
Table 5.3-6 shows the measured peak and the calculated
actual peak at the lower end of several plates of interest.
Note that the sharpness of the peak (compare Fa to B)
increases as the distance from the outer cylindrical edge
of the core increases. However, the actual power produced
at the lower edge peak increases only slightly from the
outer cylindrical edge to the center as witnessed by the
slight increase in the product Fa F r. The importance of this
lower edge peak is discussed in Section 7.3.2.
C,
--F FIG. 5.3-25
4.0- BOTTOM EDGE PEAK PLOT USED TO DETERMINE BPMF AND a
3.0_ A-2 plate 1 C-9 plate 1
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C-8 plate 8
A
0.1 |
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TABLE 5.3-6
COMPARISON BETWEEN EXTRAPOLATED VALUES OF F AT FUEL
PLATE BOTTOM EDGE AND PEAK MEASURED VRLUE
Plate Position*
C-8, Plate 1
C-8, Plate 2
C-8, Plate 8
C-9, Plate 1
B-9, Plate 1
A-2, Plate 1
Extrapolated
F
a
2.22
1.92
3.31
2.49
2.79
2.57
Peak Measured
F
a
1.95
1.83
2.25
2.32
2.41
2.26
(
* Element orientations listed in Table 5.3-1.
kw'
B
1.64
1.58
1.40
1.90
1.60
1.48
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5.3.5 Power Distribution from Gamma Scanning
By using the results of COREFAC, power distributions
at various positions of interest in the core can be plotted.
In order to simplify comparison between various plots, the
value of the product F x F is plotted versus position.
r a
The quantity FrFa, which is the product of the radial
peaking factor and axial peaking factor at the point
being plotted, is a measure of the power generated at the
point relative to the average core power.
The power distribution across the fuel element in
position B-5 is shown in Fig. 5.3-18. Note that the
power distribution is fairly flat across B-5 indicating
a uniform power production at the given height in the
element. Figure 5.3-26 shows the power distribution
across a fuel element in position C-9 as several different
heights. For C-9 the power distribution is spiked either
up or down on the plate next to the control blade de-
pending upon whether the height in the element is above
or below the height of the control blade. The power dis-
tribution across a fuel element in position C-8 is shown
in Fig. 5.3-27. The power shape is similar to that found
in C-9 with the exception that the control blades do not
depress the power distribution as much as in C-9 for
heights above the height of the control blade.
Figure 5.3-28 shows power distributions across fuel
elements in B-3 and A-2. The element in A-2 has one side
FIG. 5.3-26
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next to a solid dummy and the other side next to the
absorber spider. The element in B-3 has two sides next
to the absorber spider and one side next to a solid
dummy. The distributions are shown at two different
heights in the element, in order to show the difference
caused by the absorber spider: whether the height of the
distribution is above or below the cadmium absorber in
the spider.
Figure 5.3-29 shows the axial power distribution in
C-8 next to the corner water hole for two different shim
bank heights. For Core I of the MITR-II this channel gave
the highest total power. Note that raising the shim bank
lowered the peak even though the- actual power generated
increased slightly.
Figure 5.3-30 shows the axial power distribution for
C-9 which is on the outer edge of the core, next to a
shim blade. For plate 1 which is next to the shim blade,
a large power peak occurs because of water replacing the
shim blade in the shim blade slot. Note that this peak
is quickly suppressed above the height of the shim blade.
Also note that this large peak does not exist several
plates into the element.
Figure 5.3-31 shows the power distribution in B-9 for
plate 1 which is next to both a solid dummy and the hex-
agonal spider. The largest bottom edge spikes occurred
for this element and the element in A-2. The calculated
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value of F rF using the edge correction method agrees
very well with the extrapolated graphical value. Note
that the power drops off rapidly at heights in the
element above the height of the fixed absorber.
Figure 5.3-32 shows the axial power distribution
in B-5. Element B-5 is nearly completely surrounded by
other fuel elements and has the highest total element
power of any element in Core I.
Figure 5.3-33 shows the axial power distribution
for plate 1 in A-2 for the plate next to a solid dummy
or next to the original In-core Sample Assembly (ICSA).
The large peak caused by the ICSA was the determining
factor used in eliminating the ICSA from Core I.
Table 5.3-7 shows the core power distribution for
Core I elements where the removable plate element was
irradiated averaged over plates and elements. Figure
5.3-34 shows the element average powers in their relative
core positions.
Figures 5.3-35 through 5.3-37 show values of F F
r a
at various horizontal slices through the core. These
slices are at 0.438, 5.438, and 13.688 inches from the
bottom of the fuel, respectively.
5.4 Neutron Flux Measurements by Copper Wire Activation
Flux distribution measurements as indicated by activa-
tion of foils and wires were made at several locations incore
and in experimental facilities in order to be able to compare
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FIG. 5.3-34
RELATIVE POWERS OF ELEMENTS IN CORE I WHERE THE REMOVABLE
PLATE ELEMENT WAS IRRADIATED
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REGULATING ROD
Above numbers are the ratios of the COREFAC predicted
element power for that position to the average element
power in the core.
- solid dummy element
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TABLE 5. 3-7
RELATIVE POWER DISTRIBUTION IN PLATES AND ELEMENTS OF
CORE I WHERE THE REMOVABLE PLATE ELEMENT WAS
IRRADIATED - BLADES AT 7.6 INCHES
Core Element
Position
(Irradiation #)
C-9
(Irradiation #1)
C-5
(Irradiation #3)
B-4
(Irradiation #4)
. A-2
(Irradiation #5)
C-8
(Irradiation #6)
Plate*
Number
1
4
8
10
14
1
4
8
10
14
Ratio of
Plate to
Power of
Average
Plate in
Core
1.2661
.9299
.9504
1.0687
1.1064
1.3556
.8833
.8224
.7614
.8209
1.2018
1.1703
1.1662
1.0884
1.1083
1.3333
1.1671
1.1205
1.0612
1.0908
1.5274
1.0960
1.0047
1.0003
.9227
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
Ratio of
Element to
Power of
Average
Element
in Core
1.042
0.889
1.141
1.140
1.116
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TABLE 5.3-7 (Continued)
Core Element
Position
(Irradiation #)
B-5)
(Irradiation #7)
C-10
(Irradiation #8)
B-9
(Irradiation #10)
C-14
(Irradiation #11)
C-13
(Irradiation #12)
B-3
(Irradiation #13)
Plate*
Number
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
Ratio of
Plate to
Power of
Average
Plate in
Core
1.2758
1.2663
1.2301
1.1994
1.1639
1.2844
.8567
.8188
.8427
.7050
1.2296
1.1435
1.0324
.9399
.9062
1.2255
.9165
.8969
.8964
.9539
1.3969
.9585
.8299
.7742
.8074
1.1935
1.1823
1.0741
1.0349
.9139
Ratio of
Element to
Power of
Average
Element
in Core
1.222
0.85
1.029
0.9494
0.90
1.061
~9
(
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TABLE 5.3-7 (Continued)
Core Element
Position
(Irradiation #)
C-8
(Irradiation #14)
Plate*
Number
15**
12
8
6
2
Ratio of
Plate to
Power of
Average
Plate in
Core
1.1828
1.1236
1.0327
1.0797
1.3152
Ratio of
Element to
Power of
Average
Element
in Core
1.116
* Position of plate 1 in core position is listed in
Table 5.3-1. In comparing GAMSCAN results to actual
plate position the following is true except for
Irradiation #14;
GAMSCAN Plate #
1
2
3
4
5
Actual Plate #
1
4
8
10
14
**For Irradiation #14, the following relationship between
GAMSCAN Plate # and Actual Plate # is true:
GAMSCAN Plate #
1
2
3
4
5
Actual Plate #
15
12
8
6
2
"Plate 1" in C-8 position is next to core housing.
F I G. 5.3-35
CORE I EXPERIMENTAL POWER DISTRIBUTION FOR A HORIZONTAL
CROSS-SECTION 0.438 INCHES FROM BOTTOM EDGE OF FUEL MEAT
regulating rod
0
- solid dummy element
Contour lines are equal values of Fr Fa
262
F I G. 5.3-36
CORE I EXPERIMENTAL POWER DISTRIBUTION FOR A HORIZONTAL
CROSS-SECTION 5.438 INCHES FROM BOTTOM EDGE OF FUEL MEAT
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regulating rod
0
0
- solid dummy element
Contour lines are equal values of Fr Fa
FIG. 5.3-37
CORE I EXPERIMENTAL POWER DISTRIBUTION FOR A HORIZONTAL
CROSS-SECTION 13.688 INCHES FROM BOTTOM EDGE OF FUEL MEAT
regulating rod
0~00
5 - solid dummy element
Contour lines are equal values of Fr Fa
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between several methods of experimental and analytic
flux evaluation. Copper wire irradiation was one method
used for experimental measurements.
5.4.1 General Description
Copper is commonly used as a thermal neutron flux
monitor because its cross section is fairly well known,
it produces by irradiation a radionuclide that emits
gamma rays with a convenient half-life, it exhibits
small neutron self-shielding, and it is conveniently
available in wire form. Copper wires were prepared
and irradiated in the following positions:
1) Coolant channels between fuel plates,
2) Spider holes,
3) Core housing corner holes,
4) 3GV facilities and,
5) 6RH2 facility.
The copper wires were removed after the irradiation
and allowed to decay for 1 1/2 hours before scanning in
order to allow the Cu66 activity to decay away. The
wires were scanned using a second collimator located in
the gamma scanner (see Section 5.3.2) and activities at
various axial positions on the wire were recorded. The
activities were corrected for decay and different irradia-
tions were correlated to one power by using results from
cobalt foils which were irradiated in the pneumatic
facility lPH2.
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The purpose of the copper wire flux measurement is
to compare the thermal flux in the positions measured with
the thermal flux as predicted by the computer code CITATION.
5.4.2 Experimental Procedure
Copper wire flux mapping was included in MITR-II
Startup Procedure 5.9.1. A copy of this procedure is
included in Appendix A.
5.4.2.1 Wire Preparation
High purity copper wire (0.99999) which had a
0.64 millimeter diameter was purchased for the flux
wires. The wires were cut to length and thoroughly
cleaned with acetone. Because it was not desirable to
have copper in direct contact with the primary coolant
water in order to avoid contamination of the primary
water, the copper wires were completely covered as
described below.
The copper wires were placed inside clear polyolefin
(unsaturated polyethylene) shrinkable tubing. The tubing
was heated with a hot air gun in order to shrink the
tubing against the wire. This resulted in a 0.01 inch
coating of polyolefin over the copper. The ends of the
wire were sealed with BIPAX (TRA-BOND, BB-2101) epoxy
which had been approved for short term use in the reactor.
Because the coating over the copper wire was a thin coating
of a hydrocarbon it was assumed that the perturbation caused
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by the coating would be small (there appeared to be no
heavy metal contamination in the coating because the
resulting gamma scans of copper with coating showed only
the copper gamma spectrum). An engraved aluminum marker
was epoxied onto the upper end of each wire in order to
make identification of the wires easier. Several wires
were attached to long stainless steel extensions in order
to be able to locate the wires remotely in experimental
positions.
5.4.2.2 Electronics and Counting Setup
The activity of the copper wires was much less than
the activity of fuel plates and therefore, a different
sized collimator had to be installed. Because detector
discriminator settings could be adjusted so that only the
0.51 Mev gamma peak of Cu6 4 would be counted, collimator
leakage for other energy gamma rays was of no concern.
The dimensions of the installed collimator are shown
in Fig. 5.4-1. The NaI (Th) scintillation detector that
was used to count the uranium foils was positioned above
the collimator and shielded with lead bricks. The arrange-
ment of the detector and collimator for copper wire scanning
is shown in Fig. 5.4-2. A block diagram of the electronic
counting equipment is shown in Fig. 5.4-3.
A copper wire to be scanned was taped into a shallow
slot in an aluminum plate the same size as a fuel plate.
The aluminum plate was then placed in the same slot that
FIG. 5.4-1
B
A I A
L-4 B
4 - .
j0.62
all
dimensions
shown are
in inches
B-B
T+-
2.0
2.0
2.0
2.0 - 0-
1.375 
.75 *
0.375
A-A
COPPER WIRE COLLIMATOR
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width depth
(
COPPER WIRE SCANNER
detector cavity
transverse
control
steel plate
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longitudinal control
N)
jr
F I G. 5.4-2
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F I G. 5.4-3
BLOCK DIAGRAM OF COPPER WIRE COUNTING ELECTRONICS
high voltage
supply
x2 NaI (Th) detector
hototube
reamplifier
(
main amplifier
pulse height
analyzer
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held a fuel plate during fuel plate scanning. The copper
wire could be moved under the collimator by adjusting the
lathe table controls in a similar manner as fuel plate
scanning. The initial relationship between the lathe
table positions and the position of the aluminum plate
holding the copper wire was obtained by sighting through
the collimator and viewing the bottom edge of the aluminum
plate to obtain a reference point.
5.4.2.3 Irradiation and Counting
Copper wires were positioned and irradiated in the
reactor in groups of up to five wires per irradiation.
Table 5.4-1 lists the positions for each of the copper wires
irradiated. Figure 5.4-4 shows the location of the wires
for positions in the reactor core. The wires were irradiated
at 200 nominal watts for one hour which corresponded to the
same power and irradiation time as was used for the re-
movable plate element during gamma scanning. Prior to
beginning the irradiation, a cobalt foil was inserted into
the same repeatable position in lPH2 that was used for
cobalt foils during the fuel plate scanning procedure.
After completion of the irradiation, the wires were
allowed to decay at least one hour and then they were
removed for scanning. The cobalt foil was also removed
for later counting. At the counting location, the wires
were thoroughly cleaned but the polyolefin coating was
left on the wires. A wire would be taped with thin mylar
4272
TABLE 5.4-1
COPPER FLUX WIRE IRRADIATION LOCATIONS
Irradiation #
Wire
Identification
Letter Location
Corner hole #4
10th channel from edge
in C-8
2nd channel from edge
in C-8
6RH2
Corner hole #2
Spider hole #3
llth channel from solid
1
2
3
4
5
6
7
8
9
15
16
16
16
16
16
17
17
17
17
17
18
18
18
J
A
B
C
L
K
E
D
F
M
N
G
Q
Corner hole #5
Case
4
dummy in
10
11
12
13
14
A-2
4
2nd channel from solid
dummy in A-2
3GV5
Corner hole #4
Spider hole #1
3GV6
Spider hole #3
4
P
4
4
U
F I G. 5.4-4
COPPER FLUX WIRE IRRADIATION LOCATIONS
5
A -4 6RH2
A -9 3GV5
A-12 3GV6
Numbers shown are case numbers for each wire.
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tape onto the blank aluminum plate and positioned in the
gamma scanner. The wire was counted for four minutes
at various axial locations with the wire always located
in the center of the collimator in the transverse direction.
The raw count, time of the count, and axial position on
each wire were recorded for each four minute count. A
sample data sheet used for wire counting can be found in
Appendix F. Each wire would be scanned in turn until all
wires for a given irradiation were counted.
The cobalt foils were counted using the same method
and electronics as described in Section 5.3.3.4.
5.4.3 Data Analysis
The raw counts obtained were corrected for the decay
between irradiation completion and counting, background
counts, power variations between irradiations and resonance
activation in order to give corrected counts that would
correspond to the activation by thermal neutrons alone.
The raw data for the copper wire scanning is filed in the
M.I.T. Reactor Headquarters office with the data for
S trtup Procedure 5.9.1. Samples of corrected counting
-'ata is included in Appendix F. Case #1 data was not
corrected because this was only an initial irradiation
to test activity levels and procedures; a repeat irradiation
of that position is Case #10.
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5.4.3.1 Decay, Power, and Background Corrections
For each point counted, the decay time after counting
was recorded. The following equation relates the initial
activity at the completion of the irradiation with the
activity and the time the wire position was counted:
A - At (5.4-1)
e-xt
where,
A 0 is the initial activity,
At is the activity at time t after the irradiation,
t is the time from the end of the irradiation to
the beginning of the count,
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X is the decay constant for Cu
Because Cu was the isotope being counted (0.51 Mev
gamma peak) the decay constant used was 9 x 10~4 min.~-
(T 1/= 12.82 hrs.). The activity, At, at the time of
the count is proportional to the raw count rate, Ct'
minus the background count rate, B, which makes Eq. 5.4-1
into:
(C - B)
A 0C. t (5.4-2)
e
The wire irradiations were all correlated to the same
power level as the plate gamma scans for Core I of the
MITR-II. Table 5.4-2 gives the cobalt count for each of
the wire irradiations and lists the cobalt count for the
reference cobalt count from the plate gamma scanning.
TABLE 5.4-2
CORE I COPPER WIRE IRRADIATION
Irradiation #
15
16
17
18
Raw Counts
29162
26902
26816
26750
Corrected for
Background
15241
12981
12895
12829
COBALT FOIL DATA
Corrected for
Mass and
Background
13724
12991
12371
12778
Total Counts
Corrected for
Decay, Mass
and Background
13792
13042
12425
12816
Total corrected counts for the Kth irradiation = COB(K)
SMCOB = 12,352
C
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The initial count rate at the completion of the irradiation
corrected for decay, background, and power level is deter-
mined by the following equation:
C = t B SMCOB (5.4-3)0 -t COB(K)
where,
SMCOB is the reference cobalt count from plate
scanning,
COB(K) is the cobalt foil for the K irradiation,
C0 is the normalized initial count rate,
Ct, B, X, and t are as described above.
5.4.3.2 Resonance Corrections
The count rates obtained in Section 5.4.3.1 were
caused by induced activity in the copper wire from both
thermal and resonance neutrons. CITATION neutron flux
results for the copper wire positions are used to deter-
mine resonance corrections to the counting data. The
total activity induced in a stable flux monitor by
CITATION thermal and resonance neutron fluxes can be
represented by the following equation:
ATOT = (N0 3 a 3 S) + (N0 2 IoS) , (5.4-4)
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where,
N is the number of atoms of the stable flux monitor,
a is the thermal neutron activation cross section
which has been averaged over the energy range
of CITATION Group 3,
03 is the thermal neutron flux for CITATION Group 3,
S is the saturation factor,
02 is the resonance neutron flux for CITATION Group 2,
I is the effective resonance integral for CITATION
0Group 2 flux,
ATOT is the total activity.
The activity from thermal neutrons alone, Ath, would be:
A = No3a3S. (5.4-5)
Combining Eqs. 5.4-4 and 5.4-5 yields the ratio of
thermal activity to total activity:
A th
ATOT
which reduces to,
A th
ATOT
N0 303S
N03a3 S + No2 S
02 o
Values for 02' 03' o, and a 3 must be known to deter-
mine the ratio of the thermal activation to the total
activation. The neutron flux ratio 02/0 3 is obtained by
taking the ratio of the Group 2 flux (.4ev - 3 kev) to
(I
(
(5.4-6)
(5.4-7)
the Group 3 flux (0.00025ev - 0.4ev) at each wire position
from the three-dimensional CITATION computer calculation.
Values of a3 and 10 are derived from the work done by
Mathews on wire and foil irradiations done on the MITR-I
(Ref. 5.4-1). The copper cross section and effective
resonance integral used by Mathews must be modified to
the appropriate CITATION energy averaged value.
The thermal activation cross section for neutrons with
a speed of 2200 meters per second for Cu63 which is the
parent nuclide of Cu64 is 4.50 barns. The effective
resonance integral, 10, is made up of a 1/V component
and a resonance component. The 1/V component of the
resonance integral is:
Ef E
1l/v act E1/2dE (5.4-8)
where,
I is the 1/V component of the resonance integral,
E 0is the neutron energy corresponding to the
most probable neutron velocity,
a c is the activation cross section for neutrons
with energy E0,
E cis the lower energy limit of the CITATION
resonance energy group,
E is the lower energy limit of the CITATION
fast energy group,
Integrating Eq. 5.4-8 yields:
I1/V = 2act o)l/2 EC , (5.4-9)
Ef
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which reduces to the following:
E c 1/2 E 1/2
I/V 2aact E12 ( -) . (5.4-10)
c
The lower energy limits of the resonance and fast
energy groups used in the three-dimensional CITATION cal-
culation were Ec = 0.4ev and Ef = 3 x 103ev. Taking
E = 0.0253ev and aact = 4.50 barns, Eq. 5.4-10 is0ac
evaluated to give:
I/v = 2.24 barns . (5.4-11)
The resonance component of I' must include self-0
shielding effects of the wire thickness. Mathews (Ref. 5.4-1)
determined the non-l/V component of the resonance integral
for copper foils of various thicknesses. Figure 5.4-5
shows a curve of foil thickness versus effective resonance
integral. In order to compare the values for a cylindrical
wire to the values of a foil, the equivalency between
foils and wires must be determined.
The fraction of incoming neutrons which are absorbed
in a pure absorbing body is proportional to geometry in
the following way (Ref. 5.4-1):
(5.4-12)
where,
F is the fraction of neutrons absorbed,
abs
v is the volume of the body,
S is the surface area of the body.
-
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The ratio between fractions of neutrons absorbed in
a foil and in a wire would be:
Ffoil 4vabs -S WfoilF-(T--) .(5.4-13)
Fwre 4vFabs S wire
For an infinite foil of thickness t, the relationship between
volume and surface area is:
= v(5.4-14)
t ""
For an infinite wire of diameter D, the relationship between
volume and surface area is:
S = (5.4-15)
Substituting Eq. 5.4-14 and 5.4-15 into Eq. 5.4-13 yields:
Ffoil
a12t (5.4-16)
F wire D
a
for the case where the same fraction of neutrons are ab-
sorbed in both the wire and the foil, F foil/Fwire = 1, and
a a
Eq. 5.4-16 becomes:
D = 2t . (5.4-17)
From this equation it is seen that a wire of diameter
"x" is approximately equivalent to a foil of thickness "x/2".
Mathews (Ref. 5.4-1) determined the non-1/V effective
resonance integral for a 0.020 inch in diameter copper wire
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and found that Inon-l/V = 2.195. Using Fig. 5.4-5, this
corresponds to a foil of thickness 0.010 thus confirming
Eq. 5.4-17.
The copper wires in the present irradiations had a
diameter of 0.0252 inches and thus, from Fig. 5.4-5,
I non-/V - 2.13 barns. The total effective resonance
integral is:
1 = I1/v + Inon-l/V (5.4-18)
substituting values for 0.0252 inch copper wire Eq. 5.4-18
yields:
I = 4.37 barns . (5.4-19)
CITATION uses thermal cross sections that is averaged
over the thermal energy group. The relationship between
an averaged cross section for a Maxwellian energy dis-
tribution and the cross section for neutrons with a
speed of 2200 meters per second is as follows (Ref. 5.4-2):
~ ~1/2
=a act , (5.4-20)
where,
a (v) is the energy averaged cross section,
a 0  is the 2200 meter per second cross section.
act
Since a 0 t equals 4.50 barns for Cu6 3, the energy averagedac
cross section which corresponds to the CITATION Group 3
cross section, a31 is3.99 barns.
The derivation of I included averaging over the
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resonance energy group and thus, the following ratio
corresponds with the energy averaged CITATION flux
ratio:
4. 37 barns =1.095 (5.4-21)
a3 3.99 barns
Substituting the value of Eq. 5.4-21 into Eq. 5.4-7
yields:
Ath 1 (5.4-22)
1 + 1.095
where,
02/03 is the flux ratio taken from CITATION.
5.4.4 Summary of Copper Wire Flux Maps
The main purpose of copper wire flux mapping is to
determine the thermal neutron flux shape in positions of
interest and to compare this shape with the flux shape
as predicted by CITATION. All of the copper wire data
was corrected for power differences between irradiations
and for resonance capture effects (using CITATION flux
ratios). Sample corrected data is listed in Appendix F
and the raw data is filed in the MITR Headquarters Office
with Procedure 5.9.1.
The corrected counts were plotted versus wire position.
CITATION Group 3 (thermal) fluxes from the three-dimensional
model which corresponded to each respective wire
count position were also plotted on the same graphs. A
5 MW CITATION thermal flux of 1.0 x 1013 was chosen to
equal 186.5 counts because this yielded good agreement
between the copper wire and CITATION results at incore
locations where confidence in CITATION results is high.
Figures 5.4-6 and 5.4-7 show that CITATION and the
copper wires are in agreement with the exception of the
flux spike at each end of the element. This expected
difference is further discussed later in this section.
At the element ends, the CITATION spike is 60% of the
copper wire spike. Note that there is no large difference
between the flux shapes for the position that was next
to the solid dummy and the position that was next to
the fueled element.
Figure 5.4-8 shows the flux distributions in
channel 2 of element C-8. There is generally good
agreement between CITATION and copper wire results
with the exception of the spike at the bottom. Figure 5.4-9
shows the flux 3istribution for an interior channel in
C-8. Note that the shapes are in agreement, but that
CITATION predicted a higher thermal flux.
Figures 5.4-10. and 5.4-11 show flux distributions in
channels of an element in A-2. The copper wire in
channel 11 (Fig. 5.4-11) extended 1 3/4 inches below the
bottom of the fuel meat and thus shows the very large
thermal flux spike that occurs at the bottom of the fuel.
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Figures 5.4-12, 5.4-13, and 5.4-14 show the thermal
flux distributions in core housing corner holes #2, 4,
and 5, respectively, (see Fig. 5.4-4 for locations).
CITATION does not do well predicting the flux shape in
the corner holes because of large mesh point spacing and
because of homogenized materials cross sections. The
copper wire flux shapes in each of the three different
corners are very similar with only the magnitude of counts
differing. The counts for corner hole #4 which is next
to the C-8 element position are about 12% greater than
the counts in the other two corner holes measured. There
appears to be no variations in the corner holde distribu-
tion shape depending upon whether the corner hole is
next to a radial spider arm or next to a fuel element.
Figures 5.4-15, 5.4-16, and 5.4-17 show the flux
distributions for 6RH2, 3GV5, and 3GV6, respectively.
CITATION cannot give good representations of the experi-
mental locations because of the limited mesh points at
the experimental locations. Note that the peak flux
in the 3GV facilities does not occur at the bottom of
the facility.
The copper wires showed a much greater thermal flux
spike at the bottom of the fuel than was predicted by
CITATION. Hove (Ref. 5.4-3) had shown that CITATION
calculations using homogenized lower plenum cross sections
under predicted the flux peak that occurred at the bottom
of the fuel. The implications of this under prediction
F3000
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shall be further discussed in Sections 7.3 and 10.1.1.
5.5 Summary of Power and Flux Distributions for Core I
Three methods of determining the power and flux
distributions were used in this chapter. The methods
were:
1) CITATION computer code,
2) Gamma Scanning, and
3) Copper Wire Irradiations.
Tables 5.5-1, 5.5-2, and 5.5-3 summarize the figures
which show the results for these respective methods.
The importance and conclusion of these results are
further discussed in Chapter 10.
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TABLE 5.5-1
SUMMARY TABLE OF CORE I CITATION DISTRIBUTIONS
Figure Number Title of Figure
5.2-2 5 MW Thermal Neutron Flux from
2-D CITATION
5.2-5 CITATION Relative Power Distribution
of Plate 1 of Element in C-8
5.2-6 CITATION Relative Power Distribution
of Plate 1 of Element in A-2
5.2-7 CITATION Relative Power Distribution
on Central Plate in Element B-5
5.2-8 CITATION Relative Power Distribution
for Horizontal Layer 11
5.2-9 CITATION Relative Power Distribution
for Horizontal Layer 9
5.2-10 CITATION Relative Power Distribution
for Horizontal Laver 6
5.2-11 5 MW Thermal Flux from 3-D CITATION
6.4-1 Comparison between CITATION and COREFAC
Results for Core I
I
TABLE 5.5-2
SUMMARY TABLE OF POWER DISTRIBUTIONS FOR CORE I BASED ON PLATE SCANNING DATA
Figure Number
5.3-26, 5.3-27,
5.3-28
5.3-29
5.3-30
5.3-31
5.3-32
Title
Power Distributions across
Elements C-9, C-8, and (A-2,
B-3)
Core 1 Axial Power Distribu-
tion in Element Position C-8
Core I Axial Power Distribu-
tion in Element Position C-9
Core I Axial Power Distribu-
tion in Element Position B-9
Core I Axial Power Distribu-
tion in Element Position B-5
Comments
Shows variation in power across
element for several positions.
Shows power variation in hot
channel in C-8 with control
blade height and shows power
peaking at corner hole.
Shows power peaking at water
filled control blade slot and
how peak drops off a few
plates into the element.
Shows highest bottom edge peak
which was measured. Element
was next to a solid dummy
and hexagonal spider. Power
is depressed in upper part
because of proximity to
fixed absorber.
Shows axial power distribution
on a plate in the element with
the highest average power dis-
tribution.
TABLE 5.5-2 (Continued)
Figure Number Title Comments
5.3-33 Core I Axial Power Distribu- Shows Power Distribution in
tion in Element Position A-2 A-2 both next to a solid
dummy and next to the original
ICSA (flooded)
5.3-34 Relative Powers of Elements in
Core I where the Removable
Plate Element was Irradiated
5.3-35 Core I Experimental Power Dis-
tribution for a Horizontal
Cross Section 0.438 inches
from Bottom Edge of Fuel Meat
5.3-36 Core I Experimental Power Dis-
tribution for a Horizontal
Cross Section 5.438 inches
from Bottom Edge of Fuel Meat
5.3-37 Core I Experimental Power Dis-
tribution for a Horizontal
Cross Section 13.688 inches
from Bottom Edge of Fuel Meat
Table Number
5.3-7 Relative Power Distribution in
Plates and Elements of Core I
where the Removable Plate Element
was Irradiated - Blades at 7.6 inches.
r
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TABLE 5.5-3
SUMMARY TABLE OF COPPER WIRE FLUX DISTRIBUTIONS
Figure Number
5.4-6, 5.4-7
5.4-8, 5.4-9
5.4-10, 5.4-11
5.4-12, 5.4-13,
5.4-14
5.4-15
5.4-16
5.4-17
Description
Thermal Neutron Flux Distributions
in Absorber Spider Holes #1 and #3
Thermal Neutron Flux Distribution
in Channels #2 and #10 of Element
in C-8
Thermal Neutron Flux Distributions
in Channels #2 and #11 of Channel
in A-2
Thermal Neutron Flux Distributions
in Corner Holes #2, #4, and #5
Thermal Neutron Flux Distribution in
6RH2
Thermal Neutron Flux Distribution in
3GV 5
Thermal Neutron Flux Distribution in
3GV6
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CHAPTER 6
POWER DISTRIBUTIONS IN CORE II
Power distributions in Core II of the MITR-II are
discussed in this chapter. Section 6.1 summarizes the
analysis methods and fuel loading arrangement for Core II.
The calculational model and design check predictions for
Core II are described in Section 6.2. The experimental
measurements of power distributions for several specifiec
element positions are described in Section 6.3. The power
distributions for Core II are summarized in Section 6.4.
6.1 Analysis Methods and Loading
Core II was intended as a short term core to be
operated during the period of time it would take to
obtain satisfactory substitutes for the original cad-
mium sandwich fixed absorbers. Core II was designed
to allow operation of the MITR-II without fixed absorb-
ers in the upper half of the core. This resulted in
a higher active core height and some loss of neutron
intensity at the beam ports beneath the reactor core.
The fuel loading for Core II is shown in Fig. 6.1-1.
The power and neutron flux distributions of Core II
were calculated by using the CITATION computer code.
Selected power distributions were experimentally verified
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FIG. 6.1-
CORE II FUEL LOADING
REGULATING ROD
- solid dummy element
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by gamma scanning a removable plate fuel element after
irradiation in the-specified positions. The use of
CITATION and gamma scanning techniques to determine
the power density is extensively described in Chapter 5
and will not be repeated here. Only the differences between
evaluating Core I and Core II are discussed in this chap-
ter. The differences arise in the means for evaluating
the radial peaking factor, Fr, since for Core II fewer
removable plate irradiations were performed.
6.2 Design Check Predictions
A three-dimensional model was developed to mock-up
the Core II fuel loading for use in the CITATION code
calculation. The CITATION code and cross sections set
are described in Section 5.2.1. A description of the
Core II calculational model is given in Section 6.2.1.
6.2.1 Mesh Spacing Arrangement
As can be seen in Fig..6.1-1, Core II of the MITR-II
is not symmetric about a plane passing through the center
of the core and the center of the regulating rod. In
order to model Core II as symmetric about the center
plane, the solid dummies in the B-ring had to be smeared
as shown in Fig. 6..2-1. The total volume of fuel for
22 fuel elements was set equal to the amount of fuel in
the mock-up shown in Fig. 6.2-1. The axial direction
(Z direction) and radial (R direction) mesh boundaries
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F I G. 6.2-1
CITATION R-e MOCKUP OF CORE II
- solid dummy elements
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were maintained the same as for Core I. The e direction
boundaries were altered to obtain the positions shown
in Fig. 6.2-1.
Table 6.2-1 shows the comparison between the CITATION
predictions for Kegf and power densities for the models
of Core I and Core II. The average power density multiplied
by the number of elements in the core comes to approximately
the same number for each loading which indicates that the
fuel volume ratio between the two cases is correct. The
fact that the error in Keff (compared to the measured
K eff-= 1.00) is about the same for both cases indicates
that the symmetric model of the non-symmetric Core II is
probably not a bad assumption and the results will be
consistent with other CITATION calculations of the MITR-II.
6.2.2 Power Density
If a total core power is specified, CITATION prints
out the average mesh point power density for each mesh
point containing fissile material. For all CITATION com-
puter calculations in this work, the total core power was
specified as 5 thermal megawatts. Section 5.2.3.1 shows
how CITATION calculated power densities can be used to
obtain local fuel plate heat fluxes; heat deposited in
local coolant channels; values of Fr, Fa and F x Fr ar a
and fuel plate wall temperatures.
By employing the method to determine channel powers
described in Section 5.2.3.1, the average channel power
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TABLE 6.2-1
COMPARISON OF CITATION K AND POWER DENSITY
PREDICTIONS FOR CORE I AND CORE II
Comparison Between Keff for CITATION Models
Core I
Measured K eff 1.0
Core II
1.0
CITATION
for K eff
Core
Prediction
of Critical
0.947 0.954
Comparison Between Power Densities for
CITATION Models of Core I and II
Core I
Number of Loaded
Elements 24
Core II
22
Average Power Density
in Fueled Volume
84 watts/cm3 91.3 watts/cm 3
Average Power Density times
Number of Elements
1000 2.0082.016
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for each element can be obtained. The power deposited
in the Kth channel, PCK, is determined by the following
equation:
n
PC K = 2W (Q/A) i Zi, watts (5.2-6)
where,
(Q/A) . is the fuel plate area heat flux in waLts/cm2
for constant R and 0 corresponding to the
channel of interest,
Z is the hgght in centimeters in the Z direction
of the i mesh point,
W is the fueled width of the fuel plate in
centimeters,
n is the number of mesh point volumes in the
Z direction for constant R and 0.
The average channel power in an element is determined
by the following:
Q
PCM: PC-f. , watts .(6.2-1)j=l
where,
PCM is the average channel power in the Mth element,
PC. izhthe channel power of the j th channel in the
M element,
thf . is the fraction of tbg M element power that is
3 represented by the j channel,
Q is number of channels in the Mth element for
which CITATION representations are available.
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Note that the following must be made true for each
evaluation:
Q
f = 1.0. (6.2-2)
j=1
The f ' s are evaluated by determining the volume fraction
of the element that can be reprsented by a given channel
in CITATION (a series of axial mesh points with a constant
R and 0).
The ratio of element power to core average element
power is defined to be Ft and can be determined by the
following equation:
(F')M _ PCM (6.2-3)
PPC
i=1
where,
(F) M is the ratio of power produced in the Mth
element to the power produced in the
average element,
P is the number of fueled elements in the
reactor.
By using results and Eqs. 5,2-3, 6.2-1, and 6.2-3, the
value of F' was calculated for each element in Core II.
r
Figure 6.2-2 shows the value of F' for each element position.r
The hottest channels in Core II are predicted to be
in elements A-1 and C-13. Axial power distributions for
the hottest channels in those elements are shown in
Figs. 6.2-3 and 6.2-4. An axial power distribution for a
FIG.
3126.2-2
CITATION RELATIVE FUEL ELEMENT POWER FOR CORE II
REGULATING ROD
- solid dummy elements
Above numbers are the ratio of the CITATION
predicted power in each element position
to the power in the average element in the
core for the blades at 8 inches.
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central channel in a B-ring element is shown in Fig. 6.2-5.
As would be expected, a higher fraction of element power
is generated in the upper half of the element upon removal
of the fixed absorbers.
Figures 6.2-3, 6.2-4, and 6.2-5 show the effects of
raising the blade height on the axial power distribution.
For interior element ring positions, the shape of the
plate axial power distribution is nearly unchanged and the
total power generated drops slightly. For fuel plates
near the outside of the core, the shape of the power
distribution changes considerably with blade height and
the total power generated increases significantly. When
peak values of the safety limit and limiting condition
for operation occur in outside edge fuel channels, the
values will increase toward the allowable limit as the
shim bank is raised.
6.3 Experimental Measurement of Power Density
The power distribution in several fuel element
positions was experimentally measured by gamma scanning
of removable fuel plates. A description of gamma scan-
ning techniques is found in Section 5.3. The removable
plate element was only irradiated in four fuel element
positions in the Core II loading for the following reasons:
A. A full irradiation program of all positions
would have required an extended length of
time,
317
B. Comparisons between CITATION and gamma scan-
ning for Core I had given a good verification
of accuracy of CITATION,
C. Future core evaluations will not involve
gamma scanning techniques and thus it
would be helpful to begin to formulate
those evaluation techniques as early as
possible with some limited additional
experimental verification as a check.
The four element positions where fuel plate irradiations
were performed were chosen by picking the positions which
CITATION predicted to have the greatest power peaking
and where characteristics of Core II differed sufficiently
from Core I such that unexpected power peaking might occur;
i.e., water gaps created by removal of the fixed absorbers.
Figure 6.3-1 shows the four positions where the removable
plate element was irradiated.
6.3.1 Variances Between Core I and Core II Gamma
Scanning Technique
The gamma scanning experimental technique and data
evaluation was the same for Core II as for Core I with
the exception of the following:
1) The counting electronics were different (see
Fig. 6.3-2 for block diagram of new electronic
equipment),
2) Uranium foil irradiations were not performed
since they had been found to be unnecessary,
3) Scanning position points were changed and new
effective areas inputed to COREFAC,
4) COREFAC was not utilized to obtain core-average
weighting factors because sufficient irradiations
were not performed to yield accurate core-wide
plate weighting factors.
318FIG. 6.3-
CORE II REMOVABLE PLATE ELEMENT IRRADIATION POSITIONS
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BLOCK DIAGRAM OF CORE II GAMMA SCANNING ELECTRONICS
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The electronics change had no effect on the results
since the same 131 source used as Core I standard was
used to calibrate and adjust the Core II setup to the
same count rates and energy cutoff as Core I. Deleting
the uranium foil counts was possible because the uranium
foil data was not used in evaluating the scanning data.
The scanning positions were changed because more
information was desired about the power distribution in
the upper section of the core. Because the number of
points scanned is limited to 66, some of the positions
in the lower portion of the plate were deleted. A
series of points were chosen at the top edge of the fuel
plate in order to assure that no unacceptable peaking
was occurring near the outlet of the elements with the
fixed absorber removed. Table 6.3-1 gives the coordinates
of the positions scanned with (0,0) corresponding to a
lower left corner of the fuel meat when looking at the
fuel plate with the number side up and the scan point
effective areas.
COREFAC was only used to obtain the axial peaking
factor F , and to provide data for evaluating F" , ther
ratio of the power produced in a plate to the power
produced in the average plate in that element. Ins.uffi-
cient removable plate irradiations were performed to ob-
tain data representative of every fuel plate in Core II.
As a result, core wide weighting could not be obtained
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TABLE 6.3-1
REMOVABLE PLATE SCAN POINT COORDIANTES FOR CORE II
Effective
Point x* y* Area
1 0.0 1.688 0.0225
2 0.0 1.000 0.0215
3 0.00 0.313 0.0205
4 0.063 1.688 0.0674
5 0.063 1.000 0.0644
6 0.063 0.313 0.0615
7 0.188 1.688 0.0898
8. 0.188 1.000 0.0859
9 0.188 0.313 0.0820
10 0.313 1.688 0.0898
11 0.313 1.000 0.0859
12 0.313 0.313 0.0820
13 0.438 1.688 0.1347
14 0.438 1.000 0.1289
15 0.438 0.313 0.1230
16 0.688 1.688 0.2695
17 0.688 1.000 0.2579
18 0.688 0.313 0.2461
19 1.188 1.688 0.3594
20 1.188 1.000 0.3438
21 1.188 0.313 0.3281
22 1.688 1.688 0.5391
23 1.688 1.00 0.5156
24 1.688 0.313 0.4922
25 2.688 1.688 0.7188
26 2.688 1.000 0.6875
27 2.688 0.313 0.6562
28 3.688 1.688 0.7188
29 3.688 1.000 0.6875
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TABLE 6.3-1 (Continued)
REMOVABLE PLATE SCAN POINT COORDINATES FOR CORE II
Effective
Point x* Area
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
3.688
4.688
4.688
4.688
5.688
5.688
5.688
6.688
6.688
6.688
7.688
7.688
7.688
9.688
9.688
9.688
11.688
11.688
11.688
13.688
13.688
13.688
16.688
16.688
16.688
19.688
19.688
19.688
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
0.6562
0.7188
0.6875
0. 656-;2
0.7188
0.6875
0.6562
0.7188
0.6875
0.6562
1.0781
1.0312
0.9844
1.4375
1.3750
1.3125
1.4375
1.3750
1.3125
1.7970
1.7190
1.6405
2.1562
2.0605
1.9687
1.6172
1.5469
1.4766
C
(
V
4
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TABLE 6.3-1 (Continued)
REMOVABLE PLATE SCAN POINT COORDINATES FOR CORE II
Effective
Point x* y* Area
58
59
60
61
62
63
64
65
66
21.188
21.188
21.188
21.938
21.938
21.938
22.438
22.438
22.438
1.688
1.000
0.313
1.688
1.000
0.313
1.688
1.000
0.313
0.8086
0.7734
0.7383
0.3492
0.3297
0.3102
0.0140
0.0144
0.0140
*(0,0) corresponds to the lower left corner of the
fuel meat when looking at the fuel plate with the number
side up.
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with sufficient accuracy to utilize the capability in
COREFAC to evaluate Fr, the ratio of power produced in
a plate to the power produced in the average plate in
the core.
6.3.2 Data Analysis
Computer code GAMSCAN was utilized to evaluate
counting data and correct for decay, background, and
backscatter. The output of GAMSCAN was used as input
to COREFAC along with cobalt foil counts and scan
point effective areas. Table 6.3-2 gives the element
orientation and the corrected cobalt count for each
irradiation. COREFAC output yielded the value of F
for each point scanned and an average counts per unit
area of plate for each plate scanned.
Figure 6.3-3 shows the axial distribution of F
for the hottest plate in A-2. Note that the power
distribution is fairly uniform in the plate. Power
peaks occur at the top and bottom of the plate where
water is plentiful in the inlet and outlet plenums.
Similarly, a power peak occurs above 10 inches as a
result of the water gap caused by removal of the fixed
absorbers.
Figure 6.3-4 shows the axial variation of F for
a plate in B-4 next to a radial wing of the absorber
spider. There is no unacceptable peaking caused by the
water gap created by removal of the fixed absorber sandwich.
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TABLE 6.3-2
CORE II REMOVABLE PLATE ELEMENT ORIENTATION
POSITIONS AND COBALT FOIL COUNTS
Irradiation
Number
Fuel Element
Position
Element
Orientation
in Position
Total Cobalt
Foil Counts
Corrected for
Decay, Mass,
and Background
Plate 1 next to
hexagonal spider
Plate 1 next to
absorber spider
Plate 1 next to
core housing
Plate 1 next to
core housing
*Blade height for irradiations was 8.6 inches.
A-1
B-4
21
22
23
24
C-15
C-13
15,066
28,742
28,459
28,439
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Figure 6.3-5 shows the axial variation of Fa for the
outside fuel plate in C-13. The power distributions in
this outside plate resembles distributions found in Core I
where power was depressed in the upper core by fixed
absorbers. The control blades have a major influence
on the power distribution in the outside edge plates
causing the power to decrease above the axial height of
the shim bank. Because element positions C-3, C-8, and
C-13 are relatively far from the fixed absorber locations,
the power density distribution shape depends mainly on
the shim bank height and is only slightly affected by
whether fixed absorbers are or are not present. The
effect of fixed absorbers would only be significant for
high shim bank heights. (Compare Figs. 5.3-29 and 6.3-5
for similarity of distributions). The outside plate of
C-13 becomes the hottest plate in the core as the shim
bank height is raised.
For each irradiation position of the removable plate
element, the average counts per plate of each plate
scanned was plotted versus plate number in the element.
These plots showed the power distributed through the
fuel element. Since only five plates out of fifteen
were scanned in each irraidation, each plate had to be
weighted to determine how many plates that each plate
counted actually represented. This weighting was ac-
complished by dividing the distribution curve up into a
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series of blocks in which the integral of the area under
the blocks approximately equals the integral of the area
under the distribution curve. Figure 6.3-6 shows an
example for the case of the removable plate element
irradiated in position C-13.
The ratio of the power produced in a plate to the
power produced in the average plate in that element is
defined as F" and is evalu.ted for each plate scannedr
by the following:
PLTAVG (KJ)
5
i 1 jkPLTAVG(KJ)
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r
(6.3-1)
15
where,
th(F")jk is the value of F" for the j plate
scanned in the KtH element,
PLTAVG(K,J) is thFhaverage counts Egr plate for
the j plate in the K element,
Wjk is the weighting factor that corresponds
to the number of pites in the K
element that the j plate represents
with the criteria that 5
SWjk = 15.
j=1
The values of F" for each plate scanned in Core II are
r
listed in Table 6.3-3.
F I G. 6.3-6
- - PLATE POWER DISTRIBUTION THROUGH ELEMENT C-13
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TABLE 6.3-3
VALUES OF F" FOR CORE II DETERMINED BY
REMOVABLE ELATE ELEMENT IRRADIATIONS
Element
Position
A-1
B-4
C-15
C-13
Plate
Number in
Scanning
Data
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
1
2
3
4
5
Plate
Number in
Element
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
1
4
8
10
14
Number of
Plates in
Element
Represented
by Plate
which was
Scanned
Wjk
2
4
2
3
4
2
3
3
4
3
2
3
3
4
3
2
3
3
4
3
F"
r
1.27
1.08
.97
.90
.88
1.38
.99
.96
.95
.86
1.42
.99
.87
.87
1.03
1.55
1.05
.90
.88
.84
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6.4 Summary of Power Distributions in Core II
Table 6.4-1 gives a summary listing of information
in this chapter on the power distribution in Core II.
The value of the radial peaking factor, F r, which is
of interest in determining the core safety limit and
limiting conditions for operation is evaluated in the
following manner:
F = F' x F" , (6.3-2)
r r r
where,
F' is taken from Fig. 6.2-2 based on CITATION data,r
F" is taken from Table 6.3-3 based on plate scanning
r data for the hot channel of interest.
The value of Fr is thus based on the product of CITATION
data and an experimentally determined factor. CITATION
results yield a value of F' that is sufficiently withinr
uncertainty limits used in determining the safety limit
and limiting condition for operations. Figure 6.4-1 shows
a comparison between CITATION predicted values of F' for
r
Core I and the COREFAC predicted values of F' for Core I.
r
For higher power elements the agreement between the two
methods is very good and for all element positions the
average difference is 5%, which is less than the 10% un-
certainty on power density used in evaluating the safety
limit and limiting condition for operation.
F I G. 6.4-1
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REGULATING ROD
xxxxx
yyyyy
- solid dummy element
ratio of COREFAC power per element
to core average element power
ratio of CITATION power per element
to core average element power
TABLE 6.4-1
SUMMARY TABLE OF CORE II POWER DISTRIBUTIONS
Figure Number
Fig. 6.2-2
Fig. 6.2-3
Fig. 6.2-4
Fig. 6.2-5
Fig. 6.3-3
Fig. 6.3-4
Title
CITATION Relative Fuel Element Power
for Core II
CITATION Relative Power Distribution
of Plate 1 of Element in A-l for
Core II
CITATION Relative Power Distribution
of Plate 1 of Element in C-13-for
Core II
CITATION Relative Power Distribution
of Central Plate of Element in B-7
for Core II
Axial Peaking Factor from Plate
Scanning Data on Plate 1 of Element
in A-l for Core II
Axial Peaking Factor from Plate
Scanning Data on Plate 1 of Element
in B-4 for Core II
Description
Shows value of F' for each
Core II element Fosition.
Shows value of F F from
CITATION calculaigns
versus axial position for
plate in A-1 next to
hexagonal spider.
Shows value of F F from
CITATION calculafigns for
plate next to core housing
in C-13.
Shows value of F F from
CITATION calculafign for
an interior B-ring plate.
Shows value of F from
COREFAC for plat next to
hexagonal spider in A-i.
Shows value of F from
COREFAC for plat8 in B-4
next to the radial spider
with the absorber removed.
Co
Co
TABLE 6.4-1 (Continued)
Figure Number Title Description
Fig. 6.3-5
Fig. 6.3-6
Axial Peaking Factors from Plate Scanning
Data on Plate 1 of Element in C-13 for
Core II
Plate Power Distribution Through
Element C-13
Shows value of F
from COREFAC for aplate
in C-13 that is next to
the core housing.
Shows values of F
through element ifi C-13.
. "
L'J
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CHAPTER 7
SAFETY LIMITS AND LIMITING OPERATING CONDITIONS
The thermal-hydraulic safety limit and limiting
conditions for operation of the MITR-II are described
in this chapter. The derivation of the thermal-hydrau-
lic safety limit of the MITR-II is found in Section 3.3.4
of the MITR-II Safety Analysis Report. Much of the work
shown in that SAR section is repeated in Sections 7.2.1
and 7.3.1 of this work because the best way to completely
understand the basis of the safety limit and limiting
conditions for operation is to review the complete deriva-
tion. New data from experiments completed since the SAR
was written are incorporated in this work to update the
SAR derivation when applicable.
The evaluations of the safety limit and limiting
condition for operation as defined by Technical Specifi-
cation Sections 2.1 and 3.1 are included in Sections 7.2
and 7.3 for the first two core loadings of the MITR-II.
Expected problems for future core loadings are discussed
in Section 7.4. Suggested methods for evaluation of future
core loadings are included in Section 7.5
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7.1 General Descriptions
Conservative thermal-hydraulic limits are used for
the MITR-II. A safety limit is set to prevent boiling
induced flow instabilities which could lead to boiling
burnout and limiting safety system settings are set
to prevent incipient boiling from occurring anywhere
in the core. The limiting condition for operation above
1.0 kw is that the power distribution in the operating
core has been evaluated to assure that incipient boiling
will not occur for the limiting safety system settings.
These limits are established by utilizing the normally
measured quantities of total reactor power, total primary
coolant flow, and bulk coolant temperature of the reactor
outlet and by utilizing the experimentally and analytically
determined core factors together with an estimate of their
uncertainty. The use of conservative assumptions and con-
servative values of uncertainties assure a wide margin
between the true safety limit of prevention of boiling
burnout and actual operating condition provided that the
technical specification safety limit and limiting condi-
tions for operation are met.
7.2 Safety Limit
The purpose of safety limit is to assure that the
structural integrity of the fuel elements is maintained.
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This assures that the fission products are contained, and
that the fuel is maintained in a coolable geometry. The
safety limit as defined in the Technical Specification
Section 2.1 is:
The point determined by the combination of the
true values of P T' WT , and T shall not be
above the line given in Fig. .l-l (Fig. 7.2-1
in this work) corresponding to the true value
of the water height, L;
where,
P T is the total reactor thermal power(MW),
WT is the reactor coolant flow rate (gpm),
T tis the reactor coolant outlet temperature (*C),
ou is the height above the outlet end of the
heated section of the hottest fuel channel
(feet).
The plot shown in Fig. 7.2-1 is valid if FHCFP/ dfFf
is less than or equal to 2.9 where:
FHC is the hot channel factor, the ratio of the
power released into the hottest channel over
the average (radial) channel power,
F is the fraction of the total power generated
by the fuel,
d is the flow disparity, the ratio of the
minimum expected flow in the hot channel
to the average channel flow,
F is the fraction of primary flow cooling the
fuel.
The ratio FHC F has been evaluated for the
initial core loadings of the MITR-II to insure the
validity of Fig. 7.2-1.
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7.2.1 Basis of Safety Limit
The safety limit provides an upper bound for which
operation below the safety limit assures the structural
integrity of the fuel elements. Although aluminum melts
at approximately 660*C it begins to soften significantly
at about 450*C and this temperature of 450*C is thus
taken as the upper limit on clad temperature.
Since the MITR-II operates at atmospheric pressure at
the pool surface and since the fuel elements use thin
aluminum cladding, the difference of about 350 0 C between
450*C and low pressure boiling temperatures could not be
reached if boiling burnout is prevented. Because of the
low pressure and multichannel design of the MITR-II, it
is difficult to predict when boiling burnout would occur
because of the problem of two-phase flow instabilities.
The occurrence of an instability can result in the worst
case in flow starvation and a premature "burnout" at
heat fluxes well below the burnout heat flux predicted
without an instability. Despite basic research in the
area of stability in two-phase flows for at least the
last twenty years, a good understanding of the total
stability picture has been hampered by the existence of a
great number of different mechanisms (Ref. 7.2-1). The
exact amount of the effect of an instability on lowering
the burnout heat flux is very difficult to predict at
the present time. In view of this difficulty, it is
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assumed here that the onset of flow instability causes
a lower flow rate in one channel for the same pressure
drop and thus causes burnout at a lower heat flux than
would be computed from the average flow conditions of
the channels. The MITR-II safety limit is set such that
the reactor operates below conditions for onset of flow
instability. This basis combined with the conservative
assumptions used in predicting the onset of flow in-
stability, produces a safety limit of the maximum steady
state power that is considerably below values based on
applicable burnout correlations. Thus, there appears
to be a comfortable margin beyond this safety limit be-
fore reaching the point where a real threat to fuel
element integrity exists.
The mechanism which can be used to explain the class
of instability which would be expected to occur in the
MITR-II core is the pressure drop-flow rate instability.
This mechanism can arise whenever the pressure drop versus
flow rate curve of a system element has a flat or negative
sloping region. The following single spaced sections in
quotations, except where noted otherwise, are excerpts
from Section 3.3-4 of the MITR-II Safety Analysis Report.
The equation, figure, table, and reference numbers in the
excerpted section have been renumbered to be consistent
with the numbering system in this work and to provide
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easy reference for discussion in this work. These excerpts
combined with additional comments show the basis of the
MITR-II Safety Limit.
"The method of investigating the onset of flow
instability consists of calculating the pressure
drop as a function of flow rate for a given heat
flux. The minimum stable flow rate is that
which coincides with the minimum of the curve.
This is consistent with the stability criterion
below:
For instability:
(p external sys.) - !(Ap coolant channel)t. 0,
(7.2-1)
where,
p is the pressure drop,
W is the coolant flow.
Since, for a large number of channels,
Ap external sys. = constant, (7.2-2)
the criterion reduces to:
- g(Ap coolant channel) ! 0. (7.2-3)
This theoretical model has been proposed in
several references, Refs. 7.2-2, 7.2-3, and
7.2-4, and has been found to give excellent
agreement with experiment (Ref. 7.2-4 and 5).
In case of the MITR fuel element some in-
terpretation is necessary in order to define the
coolant channel. The entire fuel element
could be considered a coolant channel, since
there are 24* to 27 elements in the core and
the assumption of a constant pressure drop
across the fuel elements is not significantly
affected by flow changes in any one element.
The alternative is to treat the individual
channels between fuel plates. This distinc-
tion has considerable bearing on the results
and as will be seen below the latter case is
the more conservative and has, therefore,
been used in this analysis.
The pressure drop across the coolant
channel can be divided into four parts:
*There are only 22 fueled elements in Core II
of the MITR-II.
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1) the entrance effect,
2) the friction factor drop along
the length of the channel,
3) the exit effect,
4) the gravity drop - since the flow
is vertical and upward.
In the absence of boiling, these pressure drops
are normally computed by standard methods and,
except for the last one which is independent
of flow rate, are an increasing function of
flow rate, i.e., the slope of the pressure
drop vs. flow curve is positive and there is
no flow instability. The presence of boiling
in the channel affects all except possibly the
first factor. In general, the entrance effect
and the exit effect are increasing functions
of flow rate, but their magnitudes may be de-
creased by the transition to two-phase flow.
The friction drop may have either a positive
or negative slope and may be considered the
determining factor.
Having defined the coolant channels as
the individual channels between fuel plates,
the entrance effect becomes both small and
difficult to calculate due to the geometry
of the MITR fuel element lower adapter. For
these reasons, this pressure drop has been
neglected, introducing a conservative factor.*
Since this term would be realtively large
and have a positive slope with respect to
flow rate for the case of an entire element
considered as a coolant channel, the selection
of the individual fuel plate channels as
the coolant channels is quite conservative.
The exit effect pressure drop is also
neglible for the individual channels, but
would be significant for the whole element.
It has, therefore, also been neglected and,
for reasons similar to those given above,
this represents another conservative factor.
Similarly, the gravity drop becomes an
increasing function of flow rate for two-
phase flow, but requires knowledge of the
*A relatively simple fuel element modification
incorporating orificing for the coolant channels
could probably produce a substantial improvement
in stability by adding an entrance effect
pressure drop.
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void fraction which is extremely difficult
to predict. Neglecting this term then adds
still another conservative factor.
The remaining term is the friction
term, which for the no-boiling case is nor-
mally computed by:
AP = L v 2  , (7.2-4)ADB D 2g
where,
f = dimensionless "Fanning" friction
factor,
L/D = dimensionless length to diameter
ratio and
D = equivalent diameter of the channel 24A/S, where A is the flow area (ft )
and S is the channel perimeter (ft),
v = velocity, ft/sec,
g = conversign factor, 32.3 ft-lb force/lb.
mass-sec ,
ApADB = pressure drop, ft. of coolant.
The friction factor f can be taken to be a
constant for the flow rates considered here, as
evidenced by the heat transfer correlation
measurements (Ref. 7.2-6). This pressure drop
is more complicated for the boiling case,
however, and must be modified accordingly.
Dormer (Ref. 7.2-7) has experimentally measured
this effect for small round tubes for subcooled
boiling over a wide range of parameters. The
use of Dormer's results gives a good insight
into the application of the experimental
results. Other experiments have also been made
with narrov coolant channels similar to the
MITR-II elements (Ref. 7.2-5). The instability
limit derived by using both Refs. 7.2-5 and 7.2-7
are presented below. The two methods give the
same result for the values of the Safety Limits.
Dormer found that the experimental results
could best be correlated by plotting:
AP/APADB vs. q/q sat ,(7.2-5)
where,
Ap,APADB = pressure drops with and without
boiling respectively,
= correction factor to be applied
aPADB to the results of Eq. 7.2-4,
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q = heat on surface of coolant channel,
qs heat that would produce saturatedboiling at the exit of the channel.
Dormer's results are plotted for various L/D
ratios in Fig. 7.2-2. Dormer's data involve
parameters that are reasonably consistent with
the case of interest.
If all other parameters are unchanged, a
reduction in flow will decrease q and there-
by increase q/qsat, hereafter ref5Ped to as R.
Referring to Fig. 7.2-2, if R is sufficiently
large (for the presecribed L/D curve), Ap/ApADBis an increasing function of R. This behavior
may be interpreted as a pressure drop vs. flow
relationship with a negative slope as opposed
to the positive slope of Eq. 7.2-4. The flow
rate at which the product AD and Ap/APADB
is a minimum then correspond to the minimum
stable flow rate for the prescribed conditions.
The actual calculation of R used to enter
Fig. 7.2-2 involves other system parameters,
specifically: reactor power, and the power
produced in the hottest plate in the core.
The power produced in the hottest plate of
any element in the core is obviously a func-
tion of the total reactor power and has to be
taken as afunction of fuel loading, control
rod position and experimental sample assembly
in-core design. Consequently, a radial hot
channel factor "F " is also included in
the safety limit 'st5ifications. This factor
is the ratio of the power produced in the
hottest channel "P " divided by the average
power per doolant SNRnel "P
cAVG
F P cMax da- N (7.2-6)U.C. PcAvg T
(Note: F is the radial hot channel factor
only) H.C.
where:
N is the number of coolant channels in
the core, i.e., the number of fuel
elements times the number of channels
per element,
P T is the total reactor power."
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The maximum operating value of FH.C. in this work
is determined using plate gamma scanning data. The ex-
perimental data is compared with calculated CITATION
results in order to derive a procedure for determining
F H.C.for future core loadings.
"Since the reactor power is a variable
parameter for the purpose of this calculation,
there remains only the relationship with the
main coolant inlet temperature. At a given
time, the actual value of the inlet temperature
will be determined by a number of factors, such
as the outside wet bulb temperature, the cooling
tower effectiveness, the secondary system flow
rate, the overall heat exchanger heat transfer
coefficient, and the H..0 flow rate. For a
given power and flow, however, there is a
simple relationship between the inlet and out-
let temperature , and since Eq. 7.2-6 gives the
hottest plate power as a function of reactor
power, the ratio R can be determined indepen-
dent of the secondary system provided a limit-
ing bulk core coolant outlet temperature is
established. This leads to the following
derivation for R:
T = WT CP(Tout- Tin )(7.2-7)
= (2.64 x 10~4 )W (outTin)'
where,
PT = reactor thermal power, Mw,
WT = total H 0 flow rate, GPM; and
Tout' in = H20 temerature, *C.
The value of R is given by:
R -/qs PcMax (7.2-8)
sat Pcsat
where,
P s is the power required to raise the
csa bulk coolant temperature in the
hottest channel to saturation.
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In terms of the hot channel factor F from
Eq. 7.2-6, R becomes: H.C.
R P= TFH.C. (7.2-9)
csat
The quantity P 4 is related to the flow and
temperature byc-6 expression:
P =csat FT (T - T. )in ' (7.2-10)
where,
dF is the hot channel flow disparity
that is, the ratio of the flow
through the hot channel to the
average coolant channel flow,
T is the saturated water temper-
sat ature at the outlet end of the
hot channel."
The value of dF has been determined by flow measure-
ments incore and by flow tests through a dummy fuel ele-
ment. Chapter 4 shows the methods by which flow disparities
were measured. Uncertainties in measuring dF are included
in the value of the hot channel factor, FH.C. *
"The three expressions, Eqs. 7.2-7, 7.2-9,
and 7.2-10 can be combined to eliminate Pcsat
and T . as follows:
in
- T -T. , (7.2-7')
WTCP out in
PTFH.C. T 
- T. , (7.2-11)
dFRTC sat inF T P
thus,
PT .FH.C - T -T
WdF * -1)=RTsat out* (7.2-12)
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It remains now to determine, "R " the value
of R corresponding to the minimum stmble flow
condition. For constant power and outlet temp-
erature, it follows from Eq. 7.2-12 that W is
proportional to FH.C. and since by EE. 7.2-4
0 ~d FR2
ApnB is proportional to v2 which in turn is pro-
polfional to W 2, the value of ApADB becomes
P H.C 2
pADB. = k[F . 2 , (7.2-13)
where,
k is the proportionality constant for
constant reactor power and outlet
temperature.
The minimum stable flow is determined by the
minimum in the value of p as a function of R.
Values of Ap/A pDB are given in Fig. 7.2-2
in this york. y plotting the quantity
H.C. - 12 as a function of R,
,apADB Fit is possible to determine the value of
R at which Ap will be a minimum. Examples of
tiis procedure are shown in Fig. 7.2-3, where
the value of F /d is taken to be 3.0 and
three values oy'qne Reated length to the
effective diameter are considered. Also two
plots are shown with F /d = 2.0. The
equivalent diameter of C ooant channel
(with fins) is about 0.10 inches. The full
length of the coolant channel is 21 inches;
however, only the lower half of the core is
active and at startup with the rods below the
midpoint, the active length of the hottest
channel may be slightly less than 12 inches,
although some heat will certainly be added to
the channel up to 17" and above. A very con-
servative value of Rm is given by taking
L/D = 100 (L = 10") and by using the curve
for F /d = 3.0. Thus, the value of R = 0;78
is degi~ed End will be used for all values of
F /d less than 3.0. To be conservative,
tiCvlalde of T will be taken at the pressure
for 10 feet be ow the surface of the pool, which
is 21 inches above the core bottom.
The instability limit, derived from Dormer's
experiments, can be checked by using the results
presented by R. Forgan and R. H. Whittle in
Ref. 7.2-5. Their experiments are more directly
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applicable to the MITR-II fuel design since
they involved the use of narrow rectangular
channels. The following quotations are taken
from Ref. 7.2-5.
'74. The results presented in Tables 4
to 8 show that, for a given test section, the
ratio of the bulk-water temperature rise to
that to produce saturated conditions at exit
from the test section (AT /AT ) is approx-
imately constant for the poinatf minimum
pressure drop on the demand curves. It would
be expected that, for a given test section,
this ratio would depend on system pressure,
heat flux, water velocity, axial and lateral
power distribution, direction of flow, inlet
temperature, condition of the heated surfaces,
and possibly a number of other factors not
identified.
'75. The results of the present tests,
together with those in Part I show that the
ratio is either independent of or insensitive
to some of these parameters over the limited
range of parameters investigated. The earlier
tests showed the ratio (AT /AT ) to be in-
dependent of water velocity, h flux and
inlet temnperature, and to be the same for a
uniform axial heat-flux distribution as for
a distribution wherein the heat flux is de-
creasing in the direction of the coolant
flow. The present tests indicate that flow
direction, gas content of the water, and
surface condition have little effect on the
ratio, which is unchanged by increase of system
pressure from approximately one atmosphere
to 1.7 atmospheres. This represents a
small change in system pressure but there are
indications discussed below, that the system
pressure in an insensitive parameter,.....'
'84. For rectangular flow channels having
a gap in the approximate range 0.050 in. to
0.130 in. and heated length in the range 16 to
24 in. and with either uniform axial distri-
bution of heat flux or a distribution which
falls toward the channel exit, the critical
value of AT/AT (at the minimum in the AP/flow
curves) is given by Eq.1.
85. There is evidence to suggest that
AT C/ a sS insensitive to system pressure up
toc40 sa
(ab
The expression for AT /AT at the min-
imum AP/flow given as Eq. T ins*f. 7.2-5 is:
(for values of Lh/Dh in the range 100<Lh/Dh<200)
AT.L
= 0.732 + 6.45(10)~4 Lh , (7.2-14)
ATsat h
where Lh is defined as the heated length of the
test section and Dh is erroneously labeled as
the heated perimeter. An investigation of the
reported data shows the Dh in Eq. 7.2-14 is
actually the equivalent diameter (4A/S as
described under Eq. 7.2-4. The ratio (AT /AT )
in this expression is the same as q/qat End sat
thus Eq. 7.2-14 is a direct relationship for
Rm as a function of L/D. When L/D is taken
to be 100, the value of Rm given by Eq. 7.2-14
becomes:
Rm = 0.796.
This value is in excellent agreement with the
value (0.78) for derived from Dormer's
experiments. For he MITR-II Safety Limits,
the slightly more conservative value of R_=
0.78 has been used as discussed in SAR Se~tion
3.3.2.2.
The next step is to insert the values of
the normal operating limits for the primary
coolant flow rate, outlet temperature and hot
channel factor, into the safety limit expression
(Eq. 7.2-12) and solve for the reactor pcwer
flow instability safety limit. However, be-
fore this value can be established as the reactor
safety limit, a calculation must be made to
check that the flow instability does, in fact,
occur prior to burnout.
Gambill (Ref. 7.2-8) gives the following
correlation for the burnout heat flux:
ogcaAp 1/4 P z)0.923
pB = KL p(.* 7 ) [1 + (-)
pV
C AT
( 25L)] + K' (1)NReNr(tw - tb)Bo,
(7.2-15)
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where,
K,K' = adjustable constants of boiling
and conservative terms,
L v= latent heat of vaporization,
PV = density of vapor,
a = surface tension, 2
g = conversion contant, L*M/F-e ,
9 = local acceleration,
Ap = density difference (P2E - P
C = constant pressure specific heat of
liquid,
p = density of liquid
AT = degree of subcooling (t 
- tb)'
s = thermal conductivity ofslquid,
D = equivalent diameter of flow passage,
NRe = Reynold's number,
Ng = Prandtl number,
mE = exponents,
tw = wall temperature at burnout,
t = bulk coolant temperature.
This correlation is based on a physical model
and the first term corresponds to the boiling heat
transfer at burnout while the second term corre-
sponds to non-boiling or convective heat transfer
at burnout. The use of the second term requires
knowledge of t , the wall temperature at burnout,
and the method proposed for predicting t , (Ref.
7.2-9) does not cover the temperatures oY interest
for low pressure cases. This apparently is a
result of the fact that the convective term is
significantly only for the higher pressures. In
any event, this term has been neglected in the
present case, and any error so introduced will be
conservative.
Table 7.2-1 below gives the extreme ranges
of some of the physical parameters covered by
the data correlated.
TABLE 7.2-1
RANGE OF DATA (FOR RECTANGULAR CHANNELS)
FOR REF. 7.2-8
Parameter Range
Pressure (psia) 14-2,000
AT (*F) 0-282
v( sec) 2 6 4.8-85.4
0Bo (Btu/hr ft x 10 ) 0.42-11.41
Table 7.2-2 below gives the values of
the parameters used in Eq. 7.2-15.
TABLE 7.2-2
PARAMETERS FOR EQ. 7.2-15
(Physical properties evaluated at a static head
of 10 feet of H20)
K = 0.14
a = 58.85 dynes/cm = 4.032 x 10-3 lb/ft
a = gc = 32.2 ft/sec2 = 4.17 x 108 ft/hr2
Lv = 962 Btu/lb
Pt = 59.5 lb/ft3
AP = 59.45 lb/ft3
Pv = 4.74 x 10-2 lb/ft3
Cp = 1.0 Btu/lb*F
T sub= 84.5 0F (conservative at hot spot of
hottest channel)
The results of Eg. 7.2-15 give a burnout heat
flux of 1.5 x 10 Btu/hr-ft .
As shown in SAR Section 3.3.4., the hot 2spot heat flux is less than 3.5(10) Btu/hrft
for 6 Mw operation. Thus, the burnout heat
flux is not reached until the reactor power
approaches 26 Mw. This value of power is well
above the limiting power level set by Eq. 7.2-12
for flow instability. Therefore, Eq. 7.2-12
is used for the evaluation of the safety limits."
As stated in the last paragraph of the section
excerpted from the SAR, the following equation is used
for the evaluation of the safety limits based on the
onset of multichannel flow instability:
t FH.C. - 1) =T -T(7.2-12)
WT C d R sat out
pF m
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where,
WT
Tout
is the total reactor thermal power,
is the reactor coolant flow rate,
is the reactor coolant outlet temperature,
T is the saturation temperature at the outlet
sat end of the heated section of channel,
Cp is the specific heat of the coolant,
F H.C is the ratio of the power produced in the
* hottest channel divided by the average
power per coolant channel,
df is the ratio of the flow through the hot
channel to the average coolant channel flow,
R is the ratio (q/q ) given by the onset
of the predicted How instability.
By the time that the Technical Specifications were
approved, Eq. 7.2-12 was slightly modified to yield the
following:
P 
-
2.64(10)- W 1
F F
fRmF fsat
- T t (7.2-16)
where,
2.64(10) is the value ofC for water and includes
the appropriate Bonversion factors for
the units of the other factors,
F is the fraction of the total power
generated by the fuel,
F is the fraction of primary flow cooling
the fuel.
(
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The factors F and F were included to correct de-
ficiencies in Eq. 7.2-12. The safety limit is related to
the absolute amount of power that is generated in the
hottest channel. Assuming that all of the total power
is generated by the fuel is very conservative because the
fraction of power from neutron and gamma heating that is
not generated in the fuel will be distributed more evenly
over the core than the fission product power distribution.
In addition, power generated in experimental facilities
which would be included in the measured PT would not be
distributed through the core like the fission product
power distribution. By multiplying the previously
defined FH.C. by Fp, the product now stands for the
ratio of the power produced in the hottest channel by the
power produced in the fuel to the average power per
coolant channel by power produced in the fuel. This
product gives a more correct value of the ratio of the
power produced in the hottest channel to the power pro-
duced in the average channel. Thus Eq. 7.2-9 has been
modified to be:
P F F
R = T H.C* P (7.2-9')
NPst
The factor Ff is included because not all of the
primary coolant flow cools the fuel. Bypass flow is
caused by dummy elements, incore experiments, control
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blade cooling and check valve leakage. Thus Ff is in-
cluded as an additional flow disparity. Equation 7.2-10
would become:
csatpd(FTWT ( -T(1
csat N sat in (7.2-17)
The measured parameters WT and Tout are not affected by Ff
so Eq. 7.2-7' would remain:
- T, -T .(7.2-71)T
WTC pout ~in .(.-'
Thus combining Eqs. 7.2-7', 7.2-9', and 7.2-17 yields:
P T F H 6F
WTp fMfsat out (7.2-16)
The value of Tsat depends on the coolant pressure at
the outlet of the heated section. This pressure is directly
proportional to the head of water above that point. By
conservatively taking Rm to be 0.78 and setting FH.C. FP/dfFf
equal to 2.9, Eq. 7.2-16 is evaluated to determine the
safety limits. The results are plotted in Fig. 7.2-1.
The safety limits would be considered exceeded if the point
defined by the true value of PT' WT, and Tout fell above
the appropriate limiting line as determined by the water
height L. The plot in Fig. 7.2-1 is valid if FH.C.Fp/dfFf,
now defined as the Safety Limit Factor (SLF), is shown to be
less than 2.9. The SLF was evaluated for Core I and Core II
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and shown to be less than 2.9 before operation above 1 KW
was permitted.
7.2.2 Safety Limit Evaluation
To assure the validity of Fig. 7.2-1 representing
the safety limit, the Safety Limit Factor, (SLF =
FH.C. Fp/d F f) must be shown to be less than 2.9 for each
core loading. The factors composing the SLF are deter-
mined in the following manner for the initial core loadings.
The hot channel factor, FH.C., is determined by multi-
plying the maximum value of the radial peaking factor, Fr'
by an enthalpy factor, FH, that represents the uncertainty
of several parameters that affect the enthalpy rise in a
coolant channel. Peak values of Fr are obtained for
various fuel plates of interest from the gamma scanning
experimental data and from CITATION calculations. For most
coolant channels, heat is deposited into the channel from
the two plates bounding the channel. By assuming that the
heat deposited into the hottest channel is equal to the
amount of heat from two sides of the hottest plate, a
conservative value of the heat deposited into the channel
is obtained. This assumption remains valid for the out-
side channels where the coolant channel is bounded by a
fuel plate on one side and core housing structure on the
other side. For this case, only one side of a fuel plate
deposits heat into a channel which has one half of a normal
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channel flow. The hot channel enthalpy factor, FH, is
obtained as the product of the following hot channel
factors taken from Table 3.3.4.3.3-2 of the MITR-II SAR:
Reactor power measurement uncertainty 1.05
Power density measurement uncertainty 1.10
Fuel density tolerance 35(29.7 ± 0.8 grams U /plate 1.027
Eccentricity 1.001
Flow measurement uncertainty 1.02
FH = l.2111
The hot channel factors in SAR Table 3.3.4.3.3-2 for
plenum chamber flow and channel tolerances are repre-
sented in df in the present work and thus do not have to
be included in FH. FH is a conservative uncertainty fac-
tor in that it is the product of the worst cases rather
than a statistical compilation. The uncertainty in
measuring df and Ff is included in F H* Thus FH.C. can
be obtained by knowing the maximum radial peaking factors,
Fr, using the following:
FHC = (Fr maxFH (7.2-18)
= 1.211 (Fr max
F could be experimentally determined by performing
p
an accurate heat balance on the reactor system and deter-
mining power generated in incore experimental facilities.
For the present work, Fp has been assumed to be equal to
1.0 which is the most conservative assumption.
(C
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The flow disparity, d. , is the product of the channel
flow disparity, dfc, and the plenum flow disparity, dfP.
The channel flow disparity was determined from fuel element
flow tests described in Section 4.2 and is equal to 0.887.
The plenum flow disparity is dependent upon the fuel
element position and the core loading arrangement. Thus
the flow disparity, df, is determined by the following
equation:
df 0.887 dfp (7.2-19)
where d f depends upon the fuel element location and core
loading arrangement for the channel of interest.
Ff is experimentally determined for each core loading
arrangement. The uncertainties on Ff and df are included
in FH'
The values of (F )max' FH.C. ,f, and F for core
loadings I and II are shown on Tables 7.2-3 and 7.2-4,
respectively. Values of the SLF are also shown in each
table. The methods for determining the core factors
varies for each core evaluation because of differences in
the experimental program. Fewer gamma scans were per-
formed for Core II than for Core I. Note that for all
cases on Tables 7.2-3 and 7.2-4, the value of the SLF is
less than 2.9. Note also that the "hottest channel" is
not always the channel with the greatest Fr and that the
flow disparity df, must also be considered. The next
TABLE 7.2-3
SAFETY LIMIT FACTORS FOR CORE I
Channel
Location
in Core
(Fr ) max
P.S.D.* CIT**
FIC
P.S.D.* CIT**
SLF
d ++
p
d f Ff
P.S.D.* CIT**
Blades at
7.6 inches
C-8+, channel
next to
core housing
C-9+, channel
next to
core housing
A-2+, channel
next to
solid dummy
1.5274 1.354
1.266 1.26
1.333 1.164
1.85
1.53
1.61
1.64
1.53
1.41
1.011 0.897
0.9377 0.832
0.9487 2.17
0.9487 1.94
0.9857 0.8743 0.9487 1.94
Blades at
14 inches
C-8, channel
next to
core housing
C-9, channel
next to
core housing
1.642
1.60
-- 1.989 1.011 0.897
-- 1.938 0.9377 0.832
+ Blades at 7.6 inches for plate scanning data
* Based on plate scanning data
** Based on CITATION calculations
++ Lowest d for symmetric position chosen
and at 8
0.9487
0.9487
2.34
2.46
inches for CITATION calculations
1.93
1.94
1.7
LiJ
TABLE 7.2-4
SAFETY LIMIT FACTORS FOR CORE II
Channel
Location
in Core
Blades at
8 inches+
A-1, Channel
next to
hexagonal
spider
C-13, channel
next to
core housing
(Fr max
P.S.D.* CIT**
CIT
1.59 1.245
1.54 1.20
F H.C.
P.S.D.* CIT**
CIT
1.926
1.865
1.51
d f
p
1.009
1.453 0.944
d f
0.895
Ff
SLF
P.S.D.* CIT**
CIT
0.9205 2.34
0.8373 0.9205 2.42
1.83
1.89
Blades at
14 inches
A-1, channel
next to
hexagonal
spider
C-13, channel
next to
core housing
-- 1.137
-- 1.42
1.377 1.009
1.72 0.944
0.895
0.8373 0.9205
+ Blades were at 8.6 inches for removable plate
* Based on plate scanning data and CITATION
** Based on CITATION calculation only
irradiations.
0.9205 1.671
2.23
L&)
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three sections respectively describe the derivation of the
SLF for Core I, Core II, and the effect of the shim bank
height on the SLF.
7.2.2.1 Core I
The core factor (F )max was determined by two in-
dependent means for Core I. F"el plate gamma scanning
data (GAMSCAN) from fourteen irradiations was compiled
to yield a value of Fr for each plate (Section 5.3.5).
Similarly, a value of Fr was calculated for the correspond-
ing channels of interest using CITATION power density data
and techniques shown in Section 5.2.3.1. For all cases
the CITATION calculations yielded values of Fr that were
less then the Gamscan values. The CITATION values were
low because of large mesh spacings which averaged power
over several plates and prevented accurate representation
of physical conditions that caused local power peaking.
The mesh spacing is limited by the allowable computer
memory space.
For positions where local conditions had an effect
on a single plate, CITATION underestimated the Gamscan
values of Fr by 12 - 14%. For internal fuel element
positions, not subject to local effects, CITATION and
Gamscan were in good agreement on Fr . The values of
F in Table 7.2-3 are for the shim blades at 8 inches.
r
The effect of raising the blades is discussed in Section
7.2.2.3.
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Initially it was planned to include an incore
sample assembly (ICSA) into the first core loading.
CITATION calculations had shown that the large amount
of water in the ICSA might cause unacceptable power
peaking in plates next to the ICSA. This prediction
was true as shown by Table 7.2-5 which gives the value
of the SLF for a fuel channel in the A-ring next to the
ICSA. Core factors for this hot channel may give an
acceptable safety limit, but the limiting condition
for operation cannot be met as is shown in Section 7.3.2.
7.2.2.2 Core II
The core factor (Fr)max was determined using
CITATION data alone in the same manner as was done for
Core I,,and (Fr )max was also determined using a combin-
ation of experimental and CITATION data. Only four
gamma scanning irradiations were performed for Core II
and this was an insufficient number to determine values
of Fr from experimental data alone. Section 6.3 shows
how values of Fr were determined using a combination of
CITATION results and plate scanning data. In summary,
Fr for a given channel is determined by the following
product:
(7.2-20)= '"
r r r
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TABLE 7.2-5
SAFETY LIMIT FACTOR FOR CHANNEL NEXT TO
ORIGINAL DESIGN OF ICSA
SLF
Channel
Location
in Core
Based
Plate Scanning
Data
Based on
CITATION
Calculation
A-2*, channel
next to ICSA
2.88
*Core Loading - 2 solid dummies
1 ICSA
Fixed absorbers at 10 inches
Blades at 8 inches
2.78
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where,
Fr is the radial peaking factor; the ratio of
power produced in a fuel plate to the power
produced in the average plate in the core,
F' is the ratio of power produced in a fuel
r element to the power produced in the average
fuel element in the core,
F" is the ratio of power produced in a fuel plate
in an element to the power produced in the
average fuel plate in that same element.
The value of F' was obtained using CITATION resultsr
and the value of F" was obtained using plate scanningr
results. Table 7.2-4 shows the values of the SLF for the
hot channels in Core II. Note that for Core II the
IV S
CITATION only results are about 25% less than the com-
bination results.
7.2.2.3 Effects of Shim Bank Height
As predicted in Section 5.2.3.3, the SLF (ratio
FH.C. Fp/dfFf) approaches the limiting value of 2.9 for
hot channels on the outside edge of the core as the
height of the shim bank increases. Because no gamma
scans could be made with a fully loaded core and the
blades at near out positions, the effects of raising the
shim bank had to be estimated using CITATION calculations.
Table 7.2-6 shows the CITATION predictions for the hottest
outside edge channels for Core I and Core II. Note that
the core factor ratio increases by a factor of approximately
1.5 for both loadings as the blades are raised from 8 inches
TABLE 7.2-6
EFFECT OF SHIM BANK HEIGHT ON SAFETY LIMIT FACTOR
Change in
SLF for
1 inch
SLF
Change in
Shim Bank
Height
SLFbld @21"
H - SLFbld @8" SLF+
E
SLF x HE
Core Lo Blade Height
C-8, channel
next to
core housing
C-9, channel
next to
core housing
8 inches
14 inches
8 inches
14 inches
1.93
2.34
1.94
2.46
Core II Loading
C-13, channel
next to
core housing 8 inches
14 inches
+ Experimental value of SLF from plate scanning data for blades at 8-inches
* Blades at 7.6 inches
** Blades at 8.6 inches
++ Shim bank height at which SLF exceeds 2.9: Core I - 18.4 inches, Core II - 14.6 inches.
L&.
GD\
Cow
Case
0.0683 1.46
0.0867
2.17*
1.94*1.58
3.17++
3.06++
1.89
2.23
0.0566 1.39 2.42** 3.36++
to 21 inches. When the gamma scanning obtained values
of the SLF are increased by this factor now defined as H,
the value of the core factor ratio exceeds 2.9. By
assuming that the increase in the core factor is linear
with blade height, the shim bank height at which the
core factor ratio will exceed 2.9 can be determined for
each loading. The blades may not exceed these heights
with the clean-unburned core or the safety limit defined
by Fig. 7.2-1 will be invalid. This problem will be dis-
cussed in Section 7.5.
7.3 Limiting Condition for Operation
The safety limit was based on the prevention of a
flow instability which might lead to boiling burnout
with potential resultant damage to the aluminum cladding
and structure. The flow instability could only occur
with a certain amount of subcooled boiling in the chan-
nel. Thus, the limiting condition for operation was
conservatively set so that incipient boiling would be
prevented at all points in the core. This also prevents
nuclear noise from bubble growth and collapse.
In the Technical Specifications of the MITR-II, the
core is predicted to operate below incipient boiling at
every point in the core by the use of the following
equation:
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W F F Z P F F
-T. .0.2+ - 1] - 2.77[ Ta 3.72
T~ ff0
(7.3-1)
where,
P T is the limiting safety system setting of the
reactor power in megawatts,
WT is the total coolant flow rate in gallons/minute,
WT is the normalizing flow of 1800 gpm used to
o calculate the heat transfer coefficient h .
G is the core design constant defined as
FrFaFp WT 0 C p
F
n (Ffdf) 0.8 h A 0
Fr is the radial peaking factor, the ratio of the
power produced in a fuel plate with the hot
spot to power produced in the average fuel
plate,,
Fa is the axial peaking factor, the ratio of the
power density in the plate at the given
axial position to the average in the given plate,
A is the total heat transfer area of all the
fuel meat, i.e., two sides of the flat fuel
plate,
d is the flow disparity in the channel with
the highest fuel clad temperature,
n is the clad fin effectiveness, i.e., effective
area over smooth channel area,
F is the fraction of the total power generated by
the fuel,
F fis the fraction of primary flow cooling the fuel,
F is the total uncertainty factor to account for
0 the uncertainty in the heat transfer coefficient,
power peaking factors, and flow,
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Z is the axial location factor, the ratio of the
power released into the channel containing the
hot spot between the inlet and the hot spot
relative to the total power released into that
channel,
Cp is the coolant heat capacity,
Tout is the limiting safety system setting of the
bulk outlet temperature in *C,
L is the height of water above the outlet end
of the heated section of the hot channel in
feet.
The measured values of the limiting safety system
settings on PT, WT, L, and Tout shall be as follows:
2 Primary
Pumps
1800 gpm (MIN)
6.0 MW (MAX)
1 Primary
Pump
900 gpm (MIN)
3.0 MW (MAX)
0 Primary
Pump
0 (MIN)
100 KW (MAX)
Top surface water level being at most 4 inches
below overflow condition which is a fixed system
parameter
600C (MAX) 60*C (MAX) 60*C (MAX)
If the measured values of PT' WT, L, and Tout remain
within the limits of the limiting safety system settings,
incipient boiling will be prevented from occurring if
Eq. 7.3-1 has been shown to be valid.
WT
L
Tout
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7.3.1 Limiting Condition for Operation Basis
Prior to operation above 1.0 KW, it must be shown
that the maximum wall temperature at every point in the
operating core is below the wall temperature that will
lead to incipient boiling when the measured system
parameters (P,, Tout, WT, and L) are at the limiting
safety system settings. The following single spaced
sections in quotations, except where noted otherwise,
are direct excerpts from the MITR-II Safety Analysis
Report. The equation, figure, table, and reference
numbers have been changed to be consistent with the
present work. Most of the parameter definitions are
found in Section 7.3 and new parameters are defined as
they are introduced.
The wall temperature at a point is determined by
the following expression:
Q/A = nh [TWALL - T (z)], (7.3-2)
where,
O/A is the local heat transfer rate,
TWALL is the wall temperature at the local point,
h is the heat transfer coefficient at the local
point,
T (z) is the bulk fluid temperature at the same
C axial, z, point as the wall point of interest.
(4~
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The relationship between the maximum value of the
local heat flux involves the radial and axial power
peaking factors and the fraction of the power generated
in the fuel, F , i.e.:
(Q/A)MAX = pFr Pa T/A . (7.3-3)
The local heat transfer coefficient, h, is calculated
from the following equation:
R 0.8 0.8
h =h e ho(FfdfWT)0 R 0.8 (W 0.8 (7.3-4)
where,
h is the value of the heat transfer coefficient
calculated using the Boelter correlation for
the average coolant channel flow of WT /N with
N the total number of coolant channels0in all
fuel assemblies and WT is the normalizing total
flow rate of 1800 gpm.0 (The Boelter correlation
is: Nu = 0.023 Re0'8Pr0.3 where Nu, Re, and Pr
are the Nusselt, Reynolds, and Prandtl numbers,
respectivel-). The normalized h0 is modified
to the local h by using the Boelter relation
between heat transfer coefficient and coolant
flow.
The bulk coolant channel fluid temperature, Tc(z)
for a given channel can be related to the reactor inlet
temperature in the following manner:
Tc (z) = Tin
+F ]2F rP TZ
+ d F TC ,
(Note that if the peak occurs at the bottom, Z=O and
T c(z) = T ),
. The measured bulk outlet temperature, Tout, can be
related to the bulk inlet temperature with the following
expression:
PT =WTP (Tout in (7. 3-6)
Equations 7.3-2, 7.3-3, 7.3-4, 7.3-5, and 7.3-6
can be combined to form the following equation for the
maximum wall temperature:
out = (TWALL)MAX
FpFrFa (WT) 0.8
0.8 h A
(dCF ) ( 0
C (W )0.2
+
p r _ T (7.3-7)dgFj WTCp
To simplify the operating limit considerations, G' is
defined as:
F F F W Cp r aT p
(d F f) nAh0
and therefore, Eq. 7.3-7 becomes,
Tout TWALL)MAX - G( ) 0.2
(7.3-8)
F FrZ P
+ d F f 1]WTp
(7. 3-9)
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(7. 3-5)
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"The value of (TW ) is established con-
servatively as the onseg-of incipient boiling
at the static pressure 12 inches above the fuel
bottom (i.e., the top of the active core). The
coolant head is 132 inches when the level is
at the reactor scram point of four inches below
the normal overflow level. Based upon a semi-
theoretical approach, Bergles and Rohsenow ob-
tained a correlation (Ref. 7.3-1) for predicting
incipient boiling that is dependent only on
pressure and wall temperature. For water over
a pressure range from 15 to 2000 psia, the heat
flux at incipient boiling is given by:
qIB = 15.6p1.156 WIB 
-
Ta)2.30/p0.0234
- .B(WIB sTt) (7.3-10)
where,
gIB = incipient boiling heat flux, BTU/hr-ft,
p = pressure, psia
TWIB = local wall temperature at incipient
boiling, *F
Tsat = fluid saturation temperature, *F
When the absolute pressure is taken to be
4.75 + 14.7 = 19.45 psia, Eq. 7.3-10 becomes:
T -0 5 IB 0.466
WIB = 107 + ( 82
for TWIB in *C.
At the limiting power PT'
qIIB
3.413P6
F F (10)
nA r a
. (7.3-11)
(7.3-12)
for PT in megawatts and A in ft2 ."
Combining Eqs. 7.3-9, 7.3-11, and 7.3-12 yields:
P FrF
= 107 +35( T r a) 0.466 _- _~y . G' +
T.
F F Z p
f f 2.64(104 )WT
(7.3-13)
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where,
T is in *C,
out
PT is in Megawatts,
WT is in gallons/minute,
2.64(10~ ) is a constant for C and an units
conversion factor.
The limiting safety system setting of Tout is 600C
for all cases, and for both one pump and two pump operation
PT/WT = 3.33 x 10- MW/gpm. Inserting these values of
T out and PT/WT into equation 7.3-13 and multiplying G' by
an uncertainty factor, F0 , yields the condition for the
hot spot being less than the onset of incipient boiling
which is found in the technical specifications:
(WT 0.2G + F - 1] - 2.77[PTFr Fa 0.466 .< 3.72,
0 ~(7. 3-1)
where,
G = G'F
In order to evaluate equation 7.3-1, the following
parameters must be determined: Fp, Fr, Fa' Z, df, Ff,
WT, WT ' PT' n, A, and G. The parameters are defined or
determined in the following manner for Core I and Core II
of the MITR-II.
W is set equal to the limiting safety system
setting in gallons/minute for total coolant flow,
WT is equal to 1800 gallons/minute,
0
F is conservatively set to equal to 1.0,
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Fr is evaluated using plate scanning data and
CITATION results as described in Section 7.2,
df is evaluated in the manner as described in
Chapter 4,
F is evaluated in the manner as described in
Chapter 4,
P T is set equal to the limiting safety system
setting of total reactor power in megawatts,
A is equal to the total heat transfer area of
all the fuel for the given core loading and
is evaluated using the following equation:
A in ft 2 = 9.704N (7.3-14)
where N is the number of fueled elements
loaded in the core,
n is set equal to 1.9. The finned fuel surface
was found to have a heat transfer coefficient of
1.9 times greater than the coefficient pre-
dicted by the Boelter correlation for smooth
surfaces. A theoretical study of the surface
effectiveness was performed by Taborda (Ref. 7.3-2)
and an experimental evaluation of the surface
effectiveness was performed by Szymcsak(Ref. 1.3-3),
F is evaluated using plate scanning data and
a CITATION results. The computer code COREFAC
cives values of F for each point counted on
every plate scannsd. Values of F are obtained
from CITATION for each mesh point aby the
following equation:
(Q/A) .
F = (7.3-15)
(Q/A) .Z.
i=1
n
iz=
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where,
(Q/A) . is the volumetric heat flux for constant
R and e for the channel of interest,
Zi 4hthe height in the Z direction of thei mesh point,
n is the number of fueled mesh point
volumes in the Z direction for a constant
R and 0,
Z is evaluated using plate scanning data and CITATION
results. Z is determined in the following nanner
from CITATION: 7
(Q/A).Z.
Z = i=1 (7. 3-16)
n
(Q/A).Z.
i=1
where,
(Q/A)1 , Z , and n are as defined for determination
of Fa and,
7 is the number of fueled mesh points
from the bottom of the channel of
interested up to and including the
mesh point for which the Z is
being determined,
The value of Z is determined using COREFAC output in
the following, manner:1,+3
CTAR. + CTAR..
i=1 i=)'+1 2 (.-7Z =6266,(7.3-17)
'i. CTAR.
i=1
where ,
CTAR is the numer of counts in the effective area
for the i point scanned,
is the number of the last point scanned below
the level of the point where Z is being deter-
mined (there are 3 points to an axial position
with points being numbered starting at the
bottom and 66 points total).
G has been defined as:
rap FFTr a p F (7.3-18)
'nFfd )0.8 h 0A on(Ffdf)
where the evaluation of all of the factors has been deter-
mined except the uncertainty factor, F0. The value of F0
is made up of the product of the following uncertainty
factors:
Source of Uncertainty Uncertainty Factors
Reactor power measurement
uncertainty 1.05
Power density estimate
uncertainty 1.10
Fuel density tolerances* 1.10
Flow measurement uncertainty - 1.02
Heat transfer coefficient and
effectiveness uncertainty 1.20
Estimated Value of F 1.55
*The power density estimate uncertainty is different
for the case where a point location is being analyzed in
comparison with the safety limit where only the uncertainty
for the total plate was of interest.
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Core I and Core II were evaluated with an additional
uncertainty factor not found in Eq. 7.3-1. A factor,
F', was included into Eq. 7.3-1 as shown below and this0
new equation was defined as the Operating Limit Equation
(OLE),
W F F ZF' PTF FOLE = T )0.2G + - 1] - 2.77[ nr a 0.466<372
0 (7.3-19)
No uncertainty factor was included into the final
T r a 0.466term 2.77 [ A ] since this term is negative and it
is more conservative not to include an uncertainty factor
which would increase it by a factor proportional to F9.
The value of F' is made up of the product of the0
following uncertainty factors:
Uncertainty in determining F Z
(same as uncertainty Fr Fa r 1.10
Flow measurement uncertainty 1.02
1.122.
7.3.2 Incipient Boiling Evaluation
The OLE (Eq. 7.3-19) was evaluated for both Core I
and II before power levels were raised above 1.0KW. The
parameters are for Core I and II that did not vary with
position are shown in Table 7.3-1. The parameters that
varied with position are Fr, Fa, Z, and df . The mea'is
p
for evaluating each of these factors were discussed in
the preceding chapters but they are summarized in Table 7.3-2.
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TABLE 7.3-1
CONSTANT CORE FACTORS FOR EACH CORE LOADING
Value for
Core I
1.0
0.9487
1800 gpm (2 pumps)
900 gpm (1 pump)
6.0 MW (2 pumps)
3.0 MW (1 pump)
1.9
232.9 ft2
2585 BTU/hr-ft2 -OF
Value for
Core II
1.0
0.9205
1800 gpm (2 pumps)
900 gpm (1 pump)
6.0 MW (2 pumps)
3.0 MW (1 pump)
1.9
213.5 ft2
2771 BTU/hr-ft -*F
1.55
1.122
0.887
1.55
1.122
0.887
0.9985 BTU/lb-*F
8.905 x 105 lb /hr
1800 gpm
0.9985 BTU/lb-*F
8.905 x 105 lb M/hr
1800 gpm
Core
Factor
F
p
Ff
WT
A
h9
F0
F1
0
d fc
C
p
1,7
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TABLE 7.3-2
METHODS FOR EVALUATING POSITION DEPENDENT CORE FACTORS
Core Factor
df
p
Fr
Fa
Z
Method for Core I
Incore flowmeter data
(Chapter 4)
1. Plate scanning
data
2. CITATION results
1. Plate scanning
data
2. CITATION results
1. Plate scanning
data
2. CITATION results
Method for Core II
Incore flowmeter data
(Chapt:er 4)
1. Plate scanning
data-CITATION
combination
2. CITATION results
1. Plate scanning
data
2. CITATION results
1. Plate scanning
data
2. CITATION results
(
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For Core II fuel plate scans were only made in fuel element
positions where hot spots were located. The following
sections show the evaluation of the OLE for Core I and
Core II(for both two pump and one pump conditions).
7.3.2.1 Core I
Table 7.3-3 gives the value of the OLE for Core I'
using plate scanning alone. Note that the one pump value
is always lower than the two pump value, also the "expected
value" which is determined by setting F0 , F', and df equalc
to 1 is considerably less than the limit of 3.72. The
peak value of the OLE occurs on plate 1 of element C-9
at a point approximately 5 1/2 inches from the bottom of
the fuel. The peak occurs at this point because C-9 has
the lowest element flow and because a power peak occurs
at that point as a result of the water filled slot created
by the raised control blade. One removable plate element
irradiation in C-8 was performed in Core I with a fuel
element removed so that the shim bank was in a higher
position. Comparing the peaks that occur in C-8 for the
two bank heights, the following can be observed:
1) As the shim bank height increases, the height
above the fuel bottom where the peak occurs
increases and,
2) The value of the OLE increases very slightly
as the shim bank height increases.
TABLE 7.3-3
VALUES OF THE OPERATING LIMIT EQUATION FOR CORE I OBTAINED USING PLATE SCANNING DATA
Axial
Position
from Fuel
Bottom*
Blade
Height
(inches) F Fr a
OLE
dZ p 2 pumps 1 pump
OLE without
Uncertainties
(expected
values)
2 pumps
0.4288
0.5113
0.5852
0.9377 3.506
0.9377 3.532
0.9377 3.527
1.333 2.79 0.0 0.9857 3.519
1.333 1.259 0.6781 0.9857 2.097
C-9,
plate 1
next to
core
housing
A-2,
plate 1
next to
solid
dummy
in A-1
C-8,
plate 1
next to
core
housing
1.0112
1.0112
1.0112
1.0112
1.0112
1.0112
1.0112
2.953
3.178
3.246
3.249
3.082
2.950
2.655
3.111
3.152
3.164
3.032
1.923
2.535
2.835
2.909
2.925
2.786
2.685
2.444
* Distance in inches
1.0
0,
C
Cases
1.266
1.266
1.266
0.0
0.4217
0.4834
0.5435
0.576
0.639
0.727
2.361
2.29
2.21
4.688
5.438
6.188
0.0
9.688
0.0
5.438
6.188
6.938
7.688
8.688
9.688
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
7.6
1.5274
1.5274
1.5274
1.5274
1.5274
1.5274
1.5274
2.2
1.88
1.851
1.79
1.67
1.536
1.29
1.509
1.55
1.576
1.362
0.812
1.044
1.334
1.397
1.422
1.343
1.296
1.170
rTABLE 7.3-3 (Continued)
Axial
Position Blade
from Fuel Height
Bottom* (inches)
OLE
F F
r a
Z d
fP
2 pumps 1 pump
OLE without
Uncertainties
(expected
values)
2 pumps
B-9,
plate 1
next to
hexagonal
spider
C-8,
plate 8
8th from
core
housing
c-8,
plate 1
next to
core
housing
0.0
0.0
5.438
6.188
6.938
7.688
8.688
9.688
7.6
7.6
8.9
8.9
8.9
8.9
8.9
8.9
1.23 2.79 0.0
1.0047 3.31
1.603
1.603
1.603
1.603
1.603
1.603
1.723
1.75
1.70
1.688
1.624
1.481
0.0
0.3855
0.4432
0.5010
0.5622
0.6305
0.6521
1.0919 2.764
1.0112 2.909
1.0112 3.004
1.0112 3.181
1.0112 3.202
1.0112 3.306
1.0112 3.32
1.0112 3.076
* Distance in inches
W~
Case
2.372
2.496
2.677
2.848
2.88
2.988
3.017
2.807
0.931
1.019
1.232
1.354
1.389
1.473
1.509
1.383
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The increase in OLE may not be real because the value
of Fr for the blade raised case was conservatively es-
timated, also, it could not be directly determined from
plate scanning data because the core was not fully loaded
and because a series of irradiations was not performed at
that blade height. The value of Fr was obtained by using
a linear extrapolation of the CITATION predicted increase
in Fr for outside channels which neglected xenon poisoning
effects.
Note in Table 7.3-3 that the power spikes that occur
at the bottom of the fuel plates do not yield the maximum
values of the OLE. Plate 8 of position C-8 had a very
large spike at the bottom edge, but it was not the limiting
position. Table 7.3-4 shows bottom peaks at several element
positions:
TABLE 7.3-4
BOTTOM EDGE PEAKS
Bottom Edge F F F FLocation r a r a
C-8 plate 1 1.5274 2.2 3.36
C-8 plate 8 1.0047 3.31 3.33
B-9 plate 1 1.23 2.79 3.43
A-2 plate 1 1.333 2.79 3.72
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The product FrF a represents the peak power at a point
relative to the core average. For positions at the core bot-
tom, the peak power occurs in the A-ring elements and decreases
toward the outer rings. This trend is expected because the
flux peaks under the core in the same manner. Because the
flow disparity is less severe for A and B ring elements (with
a dummy in the A-ring), the high bottom peaks can be tolerated
more easily.
Table 7.3-5 shows the values of the OLE for Core I where
the equation is evaluated using CITATION results alone. For
the blades at 8 inches, the peak value occurs in plate 1 of
C-9 at a position 6 inches above the fuel bottom. For outside
edge plates, "CITATION only" results predicts higher values
of the OLE than did experimental measurements. For internal
elements such as A-2, "CITATION only" predicts values of the
OLE almost identical except for positions on the bottom edge
spike where "CITATION only" results underpredict the peak.
Note that as the shim bank height increases, the CITATION
results predict that the height of the position above the
fuel bottom where the peak occurs will increase but that the
peak value of the OLE will decrease slightly. Thus it
appears that the value of the OLE will remain constant or
slightly decrease for Core I as the shim bank is raised.
Table 7.3-6 compares the values of Z, Fr, Fa, and
FrFa obtained using experimental measurements and CITATION
results. For points on the outside edge plates, CITATION
TABLE 7.3-5
VALUES OF THE OPERATING LIMIT EQUATION FOR CORE I OBTAINED USING CITATION RESULTS ONLY
Axial
Position
from Fuel
Bottom*
0.0
2.12
6.06
8.06
10.06
Case
C-8,
plate 1
next to
core
housing
C-9,
plate 1
next to
core
housing
A-2,
plate 1
next to
solid
dummy
in A-1
Blade
Height
(inches)
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
F Fr a
1.354
1.354
1.354
1.354
1.354
1.26
1.26
1.26
1.164
1.164
1.164
1.164
2.58
2.28
2.2
1.67
0.989
2.66
2.37
1.76
1.98
1.71
1.59
1.39
dZ p
0.0
0.215
0.576
0.716
0.798
0.0
0.616
0.762
0.0
0.442
0.575
0.691
1.0112
1.0112
1.0112
1.0112
1.0112
0.9377
0.9377
0.9377
0.9857
0.9857
0.9857
0.9857
OLE
2 pumps 1 pump
3.124
2.988
3.494
2.834
1.834
3.228
3.833
3.055
1.676
1.968
1.999
1.886
2.685
2.611
3.134
2.582
1.713
2.774
3.44
2.785
1.409
1.748
1.800
1.721
OLE without
Uncertainties
(expected
values)
2 pumps
1.139
1.138
1.545
1.230
0.717
1.206
1.756
1.376
0.340
0.640
0.700
0.676
* Distance in inches
0.0
6.06
8.06
0.0
6.06
8.06
10.06
TABLE 7.3-5 (Continued)
Axial
Position
from Fuel
Bottom*
0.0
2.12
6.06
8.06
10.06
14.0
16.0
0.0
6.06
8.06
10.06
14.06
16.06
C-8,
plate 1
next to
core
housing
C-9 ,
plate 1
next to
core
housing
A-2,
plate 1
next to
solid
dummy
in A-1
Blade
Height
(inches)
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
14.0
1
1
1
1
1
1
1
1
1
1
1
1
1
OLE
F F
r a
.642
.642
.642
.642
.642
.642
.642
.60
.60
.60
.60
.60
.60
1.05
1"05
1.05
1.91
1.70
1.72
1.66
1.53
1.18
0.44
1.86
1.77
1.71
1.58
1.21
0.36
1.85
1.58
1.43
0.0
0.16
0.44
0.58
0.71
0.90
0.94
0.0
0.45
0.59
0.72
0.92
0.95
0.0
0.55
0.67
1
1
1
1
1
1
1
0
0
0
0
0
0
d 2 pumps
.0112
.0112
.0112
.0112
.0112
.0112
.0112
.9377
.9377
.9377
.9377
.9377
.9377
0.9857
0.9857
0.9857
2.67
2.57
3.22
3.40
3.41
3.10
1.71
2.72
3.54
3.73
3.75
3.41
1.71
1.21
1.63
1.60
OLE without
Uncertainties
(expected
values)
1 pump
2.28
2.24
2.88
3.08
3.12
2.89
1.66
2.32
3.17
3.38
3.43
3.18
1.68
1.0
1.46
1.45
2 pumps
0.885
0.90
1.38
1.54
1.60
1.51
0.79
0.92
1.58
1.75
1.81
1.71
0.82
0.08
0.47
0.49
* Distance in inches
10
Case
0.0
8.06
10.06
TABLE 7.3-6
COMPARISON BETWEEN PLATE SCANNING AND CITATION
PREDICTIONS FOR CORE FACTORS IN CORE I
Location
Distance
from Bottom
Edge of Fuel
in Core Meat(inches)
F
r
P.S.D,* CIT*
a
P.S.D.* CIT**
F F
ra
P.S.D&* CIT*
z
P.S.D.* CIT**
C-8, plate 1
C-8, plate 1
C-9, plate 1
A-2, plate 1
A-2, plate 1
0.0
6.0
6.0
0.0
10.0
1.5274 1.354 2.2
1.5274 1.354 1.851
1.266
1.333
1.333
1.26 2.21
1.164 2.79
1.164 1.26
2.58 3.36
2.2 2.83
2.37 2.80
1.98 3.72
1.39 1.68
3.49 0.0
2.98 0.4834 0.576
2.99 0.585
2.30 0.0
1.62 0.678
* - Values are based on plate scanning data (P.S.D.) with blades at 7.6 inches.
** - Values are based on CITATION calculations with blades at 8.0 inches.
WA
C
0.0
0.616
0.0
0.691
yields slightly larger values of FrFa than does COREFAC
data. Comparing the Z's shows that CITATION predicts a
larger value of Z than COREFAC. This is the result of
two effects: 1) the large mesh spacing in CITATION
overestimates Z because the actual peak occurs some-
where within the mesh spacing and not at the top of the
large CITATION mesh spacing as is assumed in the OLE cal-
culation (COREFAC has a better resolution because of
greater number of mesh points), 2) cross sections used
in the upper part of the core for the CITATION calcu-
lation result in a greater power depression in the upper
core than is the actual case. Thus, it appears that
while CITATION underestimated the safety limit conditions,
it overestimates the incipient boiling conditions for
Core I type loadings when the peak occurs at an axial
position well above the bottom position.
In Section 7.2.2.1 it was shown that the original
design of the Incore Sample Assembly (ICSA) caused
values of the STF to become very close to the limiting
value of 2.9. The largest two pump value of the OLE for
a plate in A-2 in Core I next to the ICSA was 5.07
based on COREFAC results. CITATION results in Chapter 5
had predicted that the OLE would be unacceptable. Be-
cause the initial design of the ICSA caused unacceptable
values of the OLE, the original ICSA was removed from
the reactor before operation above 1.0 kw was allowed.
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7.3.2.2 Core II
Core II of the MITR-II was evaluated in a somewhat
different manner from Core I. Core II was evaluated by
a combination of CITATION results and plate scanning data
in addition to being evaluated by "CITATION only" results.
As was the case with Core I, the two pump value of the OLE
for Core II was always closer to the upper limit than the
one pump value.
Table 7.3-7 shows the values'of the OLE for core fac-
tors that are evaluated for Core II using a combination of
CITATION results and plate scanning data. F a and Z are
taken directly from COREFAC results for Core II scans and
Fr is obtained by combining plate scanning data and
CITATION results in the same manner used to determine
Fr in Section 7.2. The peak value of the OLE in Core II
occurs on plate 1 of C-13 at a height approximately 10
inches above the bottom of the fuel.
Table 7.3-8 shows the values of the OLE for Core II
where the equation is evaluated using CITATION results
alone. For the core without fixed absorbers, the peak
value of the OLE, as well as, its position up the channel,
increases as the height of the shiln bank increases. The
peak value of the OLE from "CITATION only" results occurs
on plate 1 of C-13 at a height of approximately 6 inches
above the bottom edge of the fuel.
C",-
TABLE 7.3-7
VALUES OF THE OPERATING LIMIT EQUATION FOR CORE II OBTAINED USING A
COMBINATION OF PLATE SCANNING DATA AND CITATION RESULTS
Axial
Position
from Fuel
Bottom*
Blade
Height
(inches) F Fr a
OLE
z dfp 2 pumps 1 pump
OLE without
Uncertainties
(expected
values)
2 pumps
A-1,
plate 1
next -to
hexagonal
spider
B-4,
Plate 1
next to
radial
spider
C-15,
plate 1
next to
core
housing
* Distance in inches
Case
0.0
13.688
22.438
0.0
13.688
22.438
0.0
6.688
7.688
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
8.6
1.586
1.586
1.586
1.495
1.495
1.495
1.372
1.372
1.372
1.60
1.33
0.86
1.60
1.21
0.77
2.0
1.82
1.71
0.0
0.6672
1.0
0.0
0.6777
1.0
0.0
0.4772
0.5727
1.009
1.009
1.009
1.032
1.032
1.032
0.989
0.989
0.989
2.033
2.91
2.66
1.713
2.296
2.113
2.369
2.946
2.926
1.727
2.67
2.53
1.447
2.115
2.022
2.023
2.640
2.643
0.529
1.267
1.267
0.348
0.906
0.9275
0.717
1.195
1.216
WA
TABLE 7.3-7 (Continued)
Axial
Position
from Fuel
Bottom*
Blade
Height
(inches) F Fr a
dZ fP
OLE
2 pumps 1 pump
OLE without
Uncertainties
(expected
values)
2 pumps
0.0
6.688
7.688
9.688
11.688
8.6
8.6
8.6
8.6
8.6
1.54
1.54
1.54
1.54
1.54
2.0
1.65
1.59
1.49
1.11
0.0 0.944 2.994
0.448 0.944 3.240
0.538 0.944 3.313
0.655 0.944 3.36
0.760 0.944 2.785
2.57
2.908
2.996
3.07
2.588
1.068
1.379
1.454
1.53
1.253
* Distance in inches
WA
C
Case
C-13,
plate 1
next to
core
housing
9-
TABLE 7.3-8
VALUES OF THE OPERATING LIMIT EQUATION FOR CORE II
OBTAINED USING CITATION RESULTS ONLY
Case
A-1,
plate 1
next to
hexagonal
spider
C-13,
plate 1
next to
core
housing
A-1,
plate 1
next to
hexagonal
spider
* Distance
Axial
Position
from Fuel
Bottom*
0.0
14.0
18.98
0.0
6.06
8.06
10.06
14.0
18.98
0.0
14.0
18.98
Blade
Height
(inches)
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
14.0
14.0
14.0
OLE
F
r
1.245
1.245
1.245
1.20
1.20
1.20
1.2
1.2
1.2
1.137
1.137
1.137
F
a
1.42
1.157
0.9
2.10
1.784
1.47
1.045
0.8
0.51
1.36
1.222
0.88
Z d
P
0.0
0.66
0.86
0.0
0.468
0.591
0.678
0.809
0.923
0.0
0.672
0.87
1.009
1.009
1.009
0.944
0.944
0.944
0.944
0.944
0.944
1.009
1.009
1.009
2 pumps 1 pump
1.024
1.720
1.652
2.207
2.495
2.189
1.646
1.481
1.227
0.737
1.576
1.390
0.836
1.58
1.557
1.878
2.229
1.984
1.519
1.398
1.193
0.582
1.444
1.312
OLE without
Uncertainties
(expected
values)
2 pumps
-0.024
0.562
0.591
0.631
0.935
0.805
0.539
0.496
0.405
-0.179
0.469
0.431
in inches
LA,
\0
'41
TABLE 7.3-8 (Continued)
Axial
Position
from Fuel
Bottom*
Blade
Height
(inches)
OLE
F Fr a Z df
p 2 pumps 1 pump
OLE without
Uncertainties
(expected
values)
2 pumps
6.06
8.06
10.06
14.0
18.98
14.0
14.0
14.0
14.0
14.0
1.42
1.42
1.42
1.42
1.42
1.473
1.515
1.478
1.28
0.424
0.379
0.505
0.629
0.84
0.943
0.944 2.393
0.944 2.736
0.944 2.920
0.944 2.967
0.944 1.551
2.135
2.468
2.66
2.753
1.518
0.872
1.107
1.254
1.358
0.644
* Distance in inches
0~
C
Case
C-13,
plate 1
next to
core
housing
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Core factors used in the two methods of evaluating
the incipient boiling-limit for Core II are compared in
Table 7.3-9. Factors F and F derived entirely from
r a
CITATION results appear to be significantly lower than
the combination factors and thus, yield lower values of
the OLE. For Core II, CITATION results show that the
peak value of the OLE increases as the shim bank is raised.
Thus, the nearness to the incipient boiling limit is in-
creased as the shim bank height increases. Table 7.3-10
shows the effect of blade height on the value of the OLE
for both Core I and Core II. Core I has no limiting shim
bank height while Core II is limited to specific heights
depending upon whether one or two pumps are in operation.
7.4 Expected Problems for Future Core Loadings
Power peaking problems for future core loadings depend
upon the future refueling philosophy and upon the incore
loading of solid dummies and experimental facilities. The
limiting effects for all considerations are.
A) Local conditions which may cause unacceptable
power peaking,
B) The hot spot which occurs in an outer channel
of the core at a position above the bottom
edge of the fuel as the shim bank height in-
creases.
The problem of unacceptable power peaking caused by
local excess light water was demonstrated with the data
from the original design of the Incore Sample Assembly
TABLE 7.3-9
COMPARISON BETWEEN PLATE SCANNING-CITATION AND CITATION
ONLY PREDICTIONS FOR CORE FACTORS IN CORE II
Location
in Core
A-1, plate 1
Distance
from Bottom
Edge of Fuel
Meat (inches)
14.0
F
r
Comb.* CIT**
F
a
Comb.* CIT**
1.586 1.245 1.33 1.16
F F
r a
Comb.* CIT**
2.11 1.44
z
Comb.* CIT**
0.667 0.66
C-13, plate 1 8.0 1.54 1.2 1.59 1.47 2.45 1.76 0.538 0.591
C-13, plate 1 10.0 1.54 1.2 1.49 1.045 2.29 1.254 0.655 0.678
* - Values based on combination of
blades at 8.0 inches.
plate scanning data and CITATION calculations with
** - Values based on CITATION calculations only with blades at 8.0 inches.
(A
%0
C
rTABLE 7.3-10
EFFECT OF SHIM BANK HEIGHT ON VALUE OF OPERATING LIMIT EQUATION
Value of
OLE from
CITATION
Case Calculation
Change in
OLE per
inch Change
in Shim
Bank Height
OLE
Using
Plate
Scanning
Data
Core I Loading
C-8, plate 1
next to
core housing
Core II Loading
C-13, plate 1
next to
core housing
Blade Height
8 inches
14 inches
8 inches
14 inches
2 pumps
1 pump
2 pumps
1 pump
2 pumps
1 pump
2 pumps
1 pump
3.494
3.134
3.41
3.12
2.495
2.229
2.967
2.753
2 pumps -0.014
1 pump -0.002
2 pumps +0.0787
1 pump +0.0873
3.249* no limit
2.925* no limit
3.36**
3.07**
13.1 inches
16.0 inches
+ Limit where linear extrapolation of OLE exceeds 3.72.
* Values from Core I plate scanning data with blades at 7.6 inches.
** Values from combination of Core II plate scanning data and CITATION calculations
with blades at 8.6 inches. W~
Blade
Height
Limit+
4oo
(ICSA). The problem can be minimized by careful design
and consideration of the proper fuel and dummy element
placement. For Core II, power peaking caused by water
gaps created by removal of the fixed absorbers was min-
imized by arrangement of the solid dummies.
The problem of the power peak increasing as the
shim bank height rises is more critical for core loadings
without fixed absorbers. It is more desirable both for
experimenters and for operating characteristics to have
the upper portion of the core poisoned.
7.4.1 Proposed Refueling Plan
Table 7.4-1 shows the fuel cycle for the MITR-II
that was proposed by Kadak (Ref. 7.4-1). The proposed
fuel cycle is still valid because it prevents fresh
fuel elements from being put into the outer C-ring where
the hottest channels are located in the clean core and
where the coolant flow disparity is the greatest. The
proposed fuel cycle program assumed that 26 fuel elements
would be used incore at all times with one A-ring posi-
tion occupied by a sample assembly. It is unlikely that
the reactor will be operated with 26 elements incore be-
cause of a desire for incore irradiation space and because
of the necessity to load solid dummies for reactivity
control. However, the fuel cycle proposed by Kadak can
still be used provided that no less than 23 fuel elements
are loaded incore or a minimum of 8 elements loaded in the
A and B rings.
TABLE 7.4-1
PROPOSED MITR-II FUEL CYCLE
(Ref. 7.4-1)
Control Blade Elements in
Time (hrs) Core Condition Position Storage
0 Clean and critical 10" 0
840 Depleting 12" 0
2520 Depleting 14" 0
3000 All elements flipped 12" 0
3690 Depleting 14" 0
4800 Discharge inner and middle 10" 11
store for future refueling
refuel with fresh fuel
5400 Depleting 12" 11
6500 Depleting 14" 11
7200 Flip entire core 14" 11
7200- Depleting 14" - 20" 11
9400
9400 Discharge outer 15 elements 10" 7
at greater than 25% burnup;
insert depleted 11 inner and
middle plus 4 stored elements
into outer; refuel with fresh
inner and middle.
TABLE 7.4-1 (Continued)
Time (hrs) Core Condition
Control Blade
Position
Elements in
Storage
Depleting
Depleting
Flip entire core
10000
11100
11800
11800-
14000
14000.
14600
15700
16400
Depleting
Flip entire core
12"
14"
14"
14" - 20"
10"
12"
14
14"
16400- Depleting 14" - 20"
18600
Depleting
Discharge outer 15 elements
at greater than 25% burnup:
insert depleted 11 inner and
middle plus 4 stored elements
into outer; refuel with fresh
inner and middle
Depleting
7
7
7
7
3
3
3
3
3
o0
TABLE 7.4-1 (Continued)
Control Blade Elements in
Time (hrs) Core Condition Position Storage
18600 Discharge outer 15 elements 10" 14
at greater than 25% burnup
reload entire clean core:
place 11 inner and middle
into storage for future refuel
19440 Depleting 12" 14
21120 Depleting 14" 14
21600 All elements flipped 12" 14
22290 Depleting 14" 14
23300 Discharge inner and middle; 10" 25
store for future refueling;
refuel with fresh fuel
c
404
Elements operated in the A and B rings shall have
varied burnups before being loaded into the C ring in
future refuelings. The elements that have been depleted
the most should be loaded into the higher power corner
positions and then into the positions with the greatest
flow disparity relative to their power. For a Core I
arrangement, the order of loading in terms of most de-
pleted to least depleted should be:
1. C-8
2. C-13
3. C-3
4. C-9
5. C-7
6. C-12
7. C-2
8. C-4
9. C-14
10. C-6
11. C-10
12. C-5
13. C-11
14. C-1
15. C-15
Operating with flipped fuel elements will be advan-
tageous because the depleted upper core will depress power
405
generation in the upper core and prevent the power peak
from rising as the shim bank height increases. Note,
that in the proposed fuel cycle, the shim bank height is
only raised above 14 inches for the cases where the
upper portions of the outside fuel element have been
depleted near their planned limit. The development of
a depletion code that gives the power distribution for
each fuel loading the prime necessity for future core
evaluations.
7.4.2 Sample Assembly and Dummy Element Effects
Loading solid dummies and sample assemblies may cause
unacceptable power peaking for the following reasons:
1. As additional fueled elements are replaced
by non-fueled assemblies, the remaining fuel
elements each must produce a greater power
to keep the total power constant. It may
not always be true that increasing the
number of fueled elements will decrease the
power peaking because adding an additional
element may decrease the coolant flow to the
hot plate more than it decreases the power
generated on that hot plate,
2. The non-fueled assembly may create a local
condition that results in power peaking,
e.g., excess light water may create un-
acceptable peaking,
3. The non-fuel assemglies may adversely affect
the flow disparity by changing the flow dis-
tribution or resulting in excessive bypass
flow.
All of the above effects must be considered in the
design and analysis of a core loadings using various
406
configurations of irradiation facilities and solid
dummies. Prime concern should be given to minimizing
the bypass flow created by a non-fueled assembly and
to minimizing the amount of water present in the fa-
cility which may cause flux peaking in surrounding
fueled elements.
The reactor should contain the proper amount of fuel
in the loading so that it will go critical at the be-
ginning of life for each core configuration with the
shim bank at approximately 8 to 10 inches with no
xenon build up. This requirement would prevent un-
acceptable peaks from occurring at the bottom edge
power spikes from bank heights below 8 inches, and
would prevent unacceptable peaks from occurring in
the outside edge plates because of high shim bank
positions. Higher shim bank positions would be allow-
able if the upper portions of the outside plates were
heavily depleted.
7.5 Future Safety Limit and Limiting Condition Evaluation
The experience gained in evaluating the initial cores
of the MITR-II should greatly shorten the time required
for evaluation of future core loadings. The MITR-II is
no longer an unknown quantity and some of its features
such as the power peaking near the water filled control
blade slot positions are better understood. Future core
407
loadings can be more accurately evaluated if the cal-
culational methods are improved as suggested in the
following section. Potential changes to some factors
in the SLF and the OLE which could increase the flex-
ibility of the reactor by reducing over conservatisms
are covered in Section 7.5.2. Section 7.5.3 discusses
experimental procedures which could be used as a check
on the calculated evaluation.
7.5.1 Calculational Improvements
The major shortcomings of the present 3-D CITATION
calculations are as follows:
1) Insufficient detail in the radial direction
to accurately predict the higher power plates
near the outer edge of the core,
2) Insufficient detail in the axial direction
to accurately predict the axial location
and Z where the hot spot occurs,
3) CITATION predicts a lower fraction of total
power in the upper portion of the core than
was shown to exist by experimental measure-
ments,
4) Present CITATION calculations did not include
the effects of xenon and burnup in higher
blade height cases.
The number of mesh points utilized in a 3-D
CITATION calculation is limited by the allowable space
in the MIT Information Processing Center Computer. A
better mesh spacing representation could be developed
to improve the accuracy of CITATION results both for
power peaking analysis and for absolute Keff predictions.
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The major use of 3-D CITATION calculations should be to
accurately determine the power for each element in a
core loading. This 3-D model must include the effects
of depletion and xenon build up on the individual element
power generation. Basically, the 3-D calculations would
be used to determine the F' (ratio of power produced in
a fuel element in the core) for each element for each
loading and blade height case.
Single element calculational models should be
developed to provide the detailed effects that are
not possible with the whole core 3-D calculations
alone. Boundary conditions and the proper burnup ratio
for the single element model would be obtained from the
whole core 3-D calculations. Hence, the single element
calculation is a method of interpretation of the 3-D
results.
The large number of mesh points that could be util-
ized in a single element model would provide good detail
of F", F , and Z(definitions in section 7.2.2.2 and 7.3)r a
and thus, provide accurate values of the SLF and OLE.
Depletion and xenon effects would also have to be in-
cluded in the single element calculations. Single element
models could be used to calculate the power distribution
in an element next to a control blade slot, a core housing
corner hole, a section of the absorber spider, or an in-
core irradiation facility. The whole core and individual
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element calculations would provide good detail for eval-
uation of the SLF and OLE for future cores.
7.5.2 Suggested Changes in F and Fp o
The Safety Limit Factor (SLF) contains the factor,
Fp, and an uncertainty factor F H. The Operating
Limit Equation (OLE) contains Fp and uncertainty factors
F and F'. The current evaluation of these factors
0 0-
according to their Technical Specification definitions is
overly conservative and reduces flexibility in future core
loadings. The following suggestions are made for changing
the definitions of F and uncertainty factors but neither
could be changed without prior approval by the Nuclear
Regulatory Commission.
The core factor, FP, is defined by the MITR-II
Technical Specifications as "the fraction of the total
power generated by the fuel". In Sections 7.2 and 7.3,
the basis for the SLF and OLE were reviewed and it was
shown the F actually stood for the fraction of total
power deposited in the primary coolant that is generated
by the fuel. In all cases for the evaluation of Core I
and Core II, Fp was assumed to be equal to 1.0 which is
the most conservative assumption. By setting F equal
to 1.0, it is assumed that all of the total power of the
reactor is generated by the heat flux on the fuel plates
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which results in the coolant temperature rise in the
coolant channels.
The total reactor power is based on a heat balance
of several reactor systems: the primary coolant system,
the D20 reflector system, and the shield coolant system.
The total power obtained from these systems is used as
the base power for setting power level trips and detcr-
mining the operating power level. The fuel surface heat
flux is not responsible for all of the power deposited
in these systems. For the shield and reflector system,
fast neutron and gamma heating are responsible for the
power in those systems. For the primary ccolant system,
neutron and ga.r=rma heating, fuel plate surface heating,
and heating from experimental facilities are responsible
for the power removed by the primary water. The problem
of determining the exact fraction for each system is com-
plicated by the heat exchange that can occur between the
system at such locations as the outer core tank wall.
The total reactor power which is the sum of all
system powers and used for determining the absolute power
level may be divided into the following fractions:
F is the fraction of the total power which is
P1 deposited in the primary coolant by the
fuel plate surfaces,
F is the fraction of the total power which is
P2 deposited in the primary coolant by neutron
and gamma heating,
F is the fraction of the total power which is
3 deposited in the primary coolant by experi-
mental facilities,
F is the fraction of the total power which is
P4 deposited in the reflector system,
F is the fraction of the total power which is
Ps deposited in the shield system,
where,
F + F + F + F + F = 1.0
Pl p2  p3  p4  p5
(7.5-1)
For the initial reactor cores there were no experi-
mental facilities which deposited heat into the primary
coolant, thus, F = 0.0 (although it might be argued that
p3
gamma heat in the solid dummies would fall into this
classification). Table 7.5-1 shows the values of the
remaining fractions based on the predictions by Choi
(Ref. 7.5-1) assuming F = 0.0.
P3
TABLE 7.5-1
DISTRIBUTION OF ENERGY RELEASED IN THE
REACTOR FROM FISSION OF URANIUM
Fuel Element Surfaces F 0.9036
Primary Coolant Neutron F 0.0342
and Gamma Heating p2
D 20 Reflector F 0.05312 P4
Shield System F 0.0091
P5
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it was shown in Section 7.2 that the reactor safety
limit was related to the amount of power that is generated
in the hottest channel. Equations 7.2-7' and 7.2-11
which were combined to give the safety limit are:
WT
W TC P
ST out in (7.2-7')I
and
P FTH.C. = T 
- T. . (7.2-11)
fRWC p sat in
Given that PT is the total reactor power from all
systems, the above- equations with the various F 's and
F included become:
(F + F
p1 p2
+ F ) T
p3 TCP out
- T ,iLn (7.5-2)
and
P TF (F
d F fRWTCp
= T t - T. ,in (7.5-3)
The quantity (F + F + F ) in Eq. 7.5-2 represents
pip2 p3
the fraction of the total reactor power that is deposited
in the primary coolant. The quantity (F + F ) in
Eq. 7.5-3 represents the fraction of the total power
that is deposited in the coolant that cools the fuel plates.
The coolant-moderator in the coolant channels receives
+F P2)
heat from both the fuel plate surfaces and from neutron
and gamma heating in the coolant itself. It is con-
servative to assume that the channel power distribution
due to gamma heating is the same as the plate power dis-
tribution, i.e., that the channel with the hottest plate
surface power also has the hottest channel coolant
power from neutron and gamma heating. Equations 7.5-2
and 7.5-3 can be combined and rearranged to yield the
following:
FHC F F
[(F + F + F ) ' ' - 1) P H.C.
W TCp p p2  P3 d fF R F fR
Tsat - Tout (7.5-4)
If there is no power generated by experimental
facilities (F = 0), Eq. 7.5-4 reduces to:
P3
p [(F +F )( ' ' - 1)1 = T Tt
W TC pl+ P2 d F R sat out
(7.5-5)
The result of having less than 100% of the total
reactor power deposited into the primary coolant
(F + F + F ) < 1.0 is that the lines in Fig. 7.2-1
pip2 p3
would be shifted upward and to the right, thus, increasing
the safety limit margin. If the total reactor power is
deposited into the primary coolant system then
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(F + F + F ) = 1.0 and Eq. 7.5-4 becomes:.
p1  P2  P3
F. (1I-F)
P T FH.C. P3[_ - J'=" -T
WT d FfR sat out
(7.5-6)
The quantity (1 - F ) is equivalent to the F in
the Technical Specifications where F -s the fraction of
p
the power generated by the fuel. Thus, Eq. 7.5-6 is
equivalent to Eq. 7.2-16 which is the present basis of
the Technical Specification safety limit. Equation 7.5-4
is actually more precise and less ove. .y conservative
than Eq. 7.2-16, but it is somewhat more complicated to
evaluate.
The Operating Limit Equation (OLE) which was derived
in Section 7.3.1 is formed from the combination of
Eqs. 7.3-2, 7.3-3, 7.3-4, 7.3-5, 7.3-6, 7.3-11, and 7.3-12.
The following analysis inserts the precise definitions of
F into the equations used to develop the OLE. Equations
pi
7.3-2, 7.3-4, and 7.3-11 have no reactor power value, PT'
as a direct component and thus, no F factor would be
p
directly included. Eqs. 7.3-3 and 7.3-12 are dependent-
on the fraction of the reactor power that is generated on
the fuel plate surface, F p, and thus become :
(Q/A) = F F F P T/A, (7.3-3')
MAX p r aT
46,6
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3.413P F
ST pl 6
q F Fa(10) . (7.3-12')
Equation 7.3-5 is dependent on the fraction of the reactor
power that is deposited in the coolant channels, (FPi + F ),
and thus b'ecomes:
(F + F )P TZ
Tc Z)T + 1 F2 (7.3-5')
C~~ n ffWTCP
Equation 7.3-6 is dependent on the fraction of the reactor
power that is deposited into the primary coolant,
(F + F + F ), and thus becomes:
pi p2  P3
(F + F + F )P= C( - T (7.3-6')
p1  P2  WTP (Tout in
Combining Eqs. 7.3-2, 7.3-3', 7.3-4, 7.3-5', 7.3-6',
7.3-11, and 7.3-12', yields the following form of the OLE:
(F + F )F ZW T 092 ( P2 )Fr
[( )02G+ dF 2- (Fp + F + F )] -
F F F
p r a0,466 72.77[-p__r a 6 < 3.72, (7.5-7)
where,
F pFrFaWT C
G = .08 (7.5-8)
(d F f) nAh
Assuming that all of the reactor power is deposited
into the primary coolant (F + F + F 1.0), and
p 2  P 3
assuming that the neutron and gamma heating of the coolant
itself is small (FP2 0) , Eq. 7.5- 7 reduces to the fol-
16
lowing:
w F F Z F F F
T 002 Pl i r a 0.466S G + - 1] 2.77[-.-A J 1 3.72.
(7.5-9)
Equation 7.5-9 is equivalent to the Technical Specifi-
cation Eq. 7.3-1 assuming that (F + F + F = 1.0),
p1  p2  p3
F -p2 0 , and F2 ~0, and F ~ F , with the exception that Eq. 7.5-9
has an additional F in the last term of the expression.
Since the factor Fp was assumed equal to 1.0 for Core I and
Core II evaluation, the evaluations in Sections 7.2-7.3
were conservative and valid. For future evaluations, the
factor Fp should be included into the last term of the
OLE as shown in Eq. 7.5-9. While Eq. 7.5-' is actually
more precise than the Technical Specification OLE, it
is also somewhat more complicated to evaluate.
The uncertainty factor, F 0 , is evaluated in the
Technical Specifications in a cumulative manner by a
direct product of individual factors. The other un-
certainty factors, F1 and FH , are also evaluated in0H
similar manner. This cumulative compilation of un-
certainties leads to values of the SLF and OLE that
are much greater than the "expected values". The
tables in Section 7.3 show the expzcted values of the
OLE and the values by the Technical Specification eval-
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uation. The inflated value created by the cumulative
combination of uncertainties is somewhat misitading.
When the evaluation of the OLE or*SLF approaches the
limiting value, there is much concern but in reality
it is very highly improbable that the limiting condition
is really being approached. This excessive conservatism
can lead to decreased flexibility and competiveness of
the reactor. Incore temperature measurements which
are described in Chapter 8 show good agreement between
the measured temperatures and the "expected values".
While this data is somewhat limited, it shows that the
measured temperatures always fell well below the temp-
erature values which would be obtained using the current
cumulative uncertainties. In the future, attempts
should be made to receive permission from the NRC to
combine the individual uncertainty factors in a semi-
statistical manner. This would yield more flexibility
in the evaluation of the SLF and the OLE and yet maintain
a sufficient margin of safety.
7.5.3 Experimental Procedures
Future core evaluations will rely mostly on analytical
results with some experimental checks. The easiest and
most useful experimental measurements can be made with
flux wire irradiations or by self-powered neutron
detector scans. Flux wire irradiations are useful
because wires can be positioned inside fuel assemblies 418
and irradiated at powers of less than 1.0 kw. Since
the core factors must be known prior to reactor operation
above 1.0 kw, this technique allows verification of the
analytically determined values prior to exceeding the
1.0 kw level. A description of the flux wire scans
performed on Core I are described in Section 5.4. The
wire experimental flux shapes for Core I were in good
agreement with the shapes obtained by plate scanning and
analytical calculations.
Self-powered neutron detector scans are only possible
at higher powers. At present, scans can be made inside
the absorber spider or in a core housing corner hole.
While the corner hole scan is potentially more useful,
the configuration of the corner hole makes results much
more difficult to interpret. Self-powered de-tector scans
performed in Core I and II are discussed in Chapter 9.
Future experimental facilities that are inserted into
the core should contain small slots or holes which could
be used for wire irradiation positions at low powers
and for self-powered detector scans at hither powers.
At higher powers, the self-powered scans could be used
to verify the effects of various experimental facility
configurations; e.g., sample in or sample out, or reactor
variations such as, depletion or blade height changes.
CHAPTER 8
TEMPERATURE DISTRIBUTIONS
Steady-state temperature distributions of the MITR-II
are discussed in this chaper. Section 8.1 is a review of
temperature distribution predictions used in evaluating
the initial design of the'MITR-II. Temperature predictions
for Core I and II, which were determined using power dis-
tribution measurements, are discussed in Section 8.2.
Steady-state temperature measurements for Core I and Core II
are described in Section 8.3. The predicted and measured
temperatures are compared in Section 8.4. Secion 8.5 is a
summary of temperature distribution results.
811 Design Temperature Predictions
As discussed in Chapter 7, the limiting condition for
operation is that incipient boiling be prevented in the
core. This yields a limit on the peak allowable fuel
plate wall temperature. The peak wall temperature does
not necessarily occur at the point with the highest heat
flux (greatest F F Y because the wall temperature is a
r a
function of the local heat flux, the coolant channel fluid
temperature, and the heat transfer coefficient at that
point.
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In the derign of the MITR-II, the MACABRE computer
code (Ref. 8.1-1) .was used to perform parametric studies
by calculating the heat flux, clad temperature, and chan-
nel bulk coolant temperature, due to variations in the
average heat flux, radial and axial power peaking factors,
coolant flow rate, and the hot channel factors. The de-
sign analysis had shown that the hottest fuel plate had a
heat flux distribution as shown in Fig. 5.1-1. Figure
8.1-1 shows the calculated variation of the clad surface
temperature (T)WALL and the local channel bulk coolant
temperature with axial position along this hottest fuel
plate for a reactor power of 6 megawatts, primary coolant
flow rate of 1800 gpm, an inlet temperature of 118.14 F,
and hot channel factors included. Curves are shown for
blade heights of 8.0, 10.0, and 14.0 inches. Table 8.1-1
gives a summary of the design results for the peak wall
temperature. The temperature required to cause incipient
boiling, TWIB, is calculated using Eq. 7.3-10. Thus,
the predicted peak -wall temperature was shown to be less
than the wall temperature required to have incipient
boiling. A similar analysis for the one pump case in-
dicated that the two pump case was the more limiting con-
dition.
One problem with the design temperature distributions
was that they always showed that the Deak wall temperature
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FIG. 8.H1-.
AXIAL VARIATION OF CLAD SURFACE AND LOCAL (CHANNEL)
BULK COOLANT TEMPERATURES ALONG THE HOTTEST FUEL PLATE
(reactor power: 6 MW + primary coolant flow rate: 1800
GPM)
Temperature at edge of core near D20
Curve 1 - blades at 8 inches
Curve 2 - blades at 10 inches
Curve 3 - blades at 14 inches
'1
Temperature on a central fuel plate
Curve 4 - blades at 8 inches
14 16 18 20
(inches)
24
*Z
0
:j 18
4-)
CU
4)
0 2 4 6 8 10 12
distance from bottom of fuel
TABLE 8.1-1
SUMMARY OF MAXIMUM CLAD WALL TEMPERATURES, MAXIMUM HEAT FLUXES, AND INCIPIENT
BOILING TEMPERATURES FOR DESIGN PREDICTIONS OF MITR-II
Blade Height
(Inches from Bottom)
(TWALL) MAX
(*F)
(Q/A) max 2
(BTU/hr-ft
(Reactor Power = 6.0 MW
and uncertainties included)
TWIB (F)
(T = 230 0 F)
sat
3.13 x 10 5-
3.10 x 105
2.88 x 10 5
ro
C w-
8.0
10.0
14.0
245.7
244.5
235.4
250.6
250.5
249.8
423
occurred at the bottom edge of the fuel. Allowance was
made for the possibility that the peak wall temperature
could ocqur further up the channel as the blade height
was increased. However, thinking was geared toward the
expectation that the peak would always occur at the
bottom. For both Core I and Core II, however, the peak
wall temperature occurred some distance above the bottom
edge even for the lower blade configurations.
8.2 Tempearature Predictions from Power Distribution
Measurements
Core I and Core II temperatures have been predicted
by using the experimentally determined power distributions
and nominal heat transfer conditions. Predicted temp-
eratures at various fuel element outlets, fuel channel
outlets, and fuel plate surfaces are discussed in Sections
8.2-1, 8.2-2, and 8.2-3, respectively.
8.2.1 Fuel Element Outlet Temperature
The coolant temperature rise across an element can be
determined by the following equation:
PE C P(&T)E, (8.2-1)
where,
P is the power generated in the element,
AE is the mass flow; rate in the el~ement,
C is the coolant heat capacity,
p
(AT) E is the coolant temperature rise.
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The values of P and "E are determined by the following
equations:
P F F'
Tp r
E N (8 .2-2)
Td F
.f f
N , (8.2-3)
where,
PT is the total reactor thermal power,
F is the fraction of the total power generated by
P the fuel,
F is the ratio of the power produced in a fuel
element to the power produced in the average
fuel element in the core,
N is the number of fuel elements in the core,
W is the reactor coolant flow rate,
d is the ratio of the flow in an element to
p the flow in the average element,
F is the fraction of the primary flow cooling
the fuel.
On combining Eqs. 8.2-1, 8.2--2, and 8.2-3 the coolant
temperature rise becomes:
F'1F P T(AT) E d F C W.2-4)
f f p T
p
Nominal values of PT, WT, and Cp are used in Eq. 8.2-4
in order to compare the predicted AT's with the measured
AT's. Nominal 2 pump values used are:
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WT 2000 gallons/minute
C = 0.9985 BTU/hr-lbm
pm,
P T= 5. 0 MW
Applying the appropriate correction factors to yield
correct units, Eq. 8.2-4 becomes:
F'F
(AT) 17.18 r p *F . (8.2-5)
p (2 pumps)
Predicted element temperature rises for Core I
using GAMSCAN and CITATION data are shown in Table 8.2-1.
The predicted temperatures are compared with several
measured temperatures in Section 8.4.
8.2.2 Fuel Channel Outlet Temperatures
By using the method in Section 8.2.1, it can be
similarly shown that the temperature rise for an in-
dividual channel, (AT)C, of nominal width would be:
F F
(AT) = 17 18 dr ' p F (8.2-6)C *d F(826
p (2 pumps)
where,
F is the ratio of the power deposited in the channel
r of interest over the average channel power.
Predicted channel temperature rises for Core I at 5.0
MW using GAMSCAN and CITATION data are shown in Table 8.2-2.
The predicted temperatures are compared with measured temp-
eratures in Section 8.4.
TABLE 8.2-1
PREDICTED COOLANT TEMPERATURE RISE FOR ELEMENTS IN CORE I
Element
Position
in Core
A-2
A-3
B-1
B-3
B-4
B-5
B-6
B-7
B-9
C-1
C-2
C-3
C-4
C-5.
C-6
C-7
C-8
df
p
1.0167
.9857
1.0487
.9967
1.0068
1.0574
1.0732
1.0823
1.0919
0.942
0.9598
0.9805
0.9769
0.9760
0.9760
0.9454
1.0112
F'
P.S.D.*
1.14
1.14
1.029
1.061
1.141
1.222
1.141
1.061
1.029
0.8891
0.9494
0.900
0.9494
0.889
0.85
1.042
1.116
Fr
r
CIT**
1.108
1.108
0.936
1.022
1.139
1.206
1.139,
1.022
0.936
0.855
0.895
0.927
0.907
0.935
1.027
1.087
1.117
AT
P.S.D.*
(*F)
20.3
20.9
17.8
19.3
20.5
20.9
19.3
17.8
16.1
17.1
17.9
16.6
17.6
16.5
15.8
20.0
20.0
AT
CIT**
(0 F)
19.7
20.4
16.2
18.6
20.5
20.7
19.2
17.1
15.5
16.4
16.9
17.1
16.8
17.3
19.1
20.8
20.0
a'
TABLE 8.2-1 (Continued)
Element
Position
in Core
C-9
C-10
C-11
C-12
C-13
C-14
C-15
df
p
0.9377
0.9811
0.9848
0.9464
0.9967
1.0246
1.0013
F'
r
P.S.D.*
1.042
0.85
0.889
0.9494
0.900
0.9494
0.8891
Fr
r
CIT**
1.087
1.027
0.935
0.907
0.927
0.895
0.855
AT
P.S.D.*
(0F)'
20.1
15.7
16.3
18.2
16.4
16.8
16.1
AT
CIT**
(0 F)
21.0
19.0
17.2
17.4
16.8
15.8
15.5
* Based on plate scanning data
** Based on CITATION results
F = 0.9487f
PT = 5.0 MW
WT = 2000 gpm
-P,
TABLE 8.2-2.
PREDICTED CHANNEL TEMPERATURE RISE FOR SELECTED CHANNELS IN CORE I
Element
Position
in Core
C-8
C-9
C-5
B-5
A-2
Channel
Position
in Element
1
1
2
5
8
12
15
8
1
F
r
P.S.D.*
1.5274
1.266
1. 356
0.8833
0.822
0.7614
0.8209
1.222
1.333
AT
F
r
CIT**
1.529
1.321
1.425
0.929
0.865
0.800
0.863
1.206
1.295
d f
p
1. 0112
0.9377
0. 9760
0.9760
0.9760.
0.9760
0.9760
1.0574
1.0167
P.S.D.*
(*F)
27.4'
24.4
25.2
16.4
15.3
14.1
15.2
20.9
23.7
AT
CIT**
(*F)
27.4
25.5
26.4
17.2
16.0
14.8
16.0
20.7
23.1
* Based on plate scanning data
** Based on combination of plate scanning data and CITATION results (same method
as used to determine individual plate relative power in Chapter 6)
F = 0.9487
P = 5.0 MW
Wt = 2000 gpm
co'
Ak
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8.2.3 Fuel Plate Surface Temperatures
The fuel plate surface temperature can be calculated
by using an equation such as Eq. 5.2-7 or by using the
experimentally determined power distribution data as
input to a thermal-hydraulic computer code such as
MACABRE (Ref. 8.1-1). The latter method was used to
predict the fuel plate surface temperatures because of
the ability of the the computer code to vary the coolant
properties with temperature.
MACABRE is capable of solving the isothermal-hydraulics
and nonisothermal-hydraulics and heat transfer of most
plate type reactor fuel assemblies cooled by a subcooled
fluid in forced convection. It can accommodate two-
dimensional time dependent heat generation rates and
hydraulic communication between parallel coolant channels.
In addition, MACABRE will compute the corrosion of
aluminum clad heat transfer surfaces. The code utilizes
the Dittus-Boelter forced convection heat transfer correla-
tion with the requirement that the total pressure drop in
each coolant channel be equal. The input to MACABRE re-
quires the following:
A. Coolant properties
B. Element geometry
C. Total flow rate
D. Fuel plate properties
E. Power distribution in element.
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A listing of MACABRE output can be found in Appendix E.
Temperature distributions in three fuel element
positions were calculated by using the MACABRE code.
Table 8.2-3 shows input data values for these three posi-
tions, C-9, and A-2 in the Core I loading and the position
A-1 in the Core II loading. Specific flow and power
distribution characteristics of each element were used as
input, as well as, fuel element geometry. Nominal values
of each were used in order to compare a nominal prediction
of the temperature distribution with the measured temp-
eratures.
Figure 8.2-1 shows the predicted fuel surface and
bulk coolant temperature distribution on several plates
and channels in C-9. The calculated peak wall temperature
at 5 MW, which occurs at an axial height of 5.4 inches on
plate 1, is 172*F. The outside coolant channel has a
smaller temperature rise than interior channels because
the MACABRE calculation includes the fact that the outer
channels have more than one half the flow of the inner
channels for the nominal channel dimensions. MACABRE
results (see Table 8.2-4) also show that for given a
plate with a slightly different coolant temperatures on
each side of the plate at a given axial height, the wall
temperature difference between the two sides is small
because of the high thermal conductivity of aluminum.
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TABLE 8.2-3
FUEL ELEMENT INPUT VALUES TO MACABRE
Core I Cases Core II Cases
Element Position
in Core
Total Coolant Flow
(gpm)
Element Flow
Disparity, d f
p
F f
Element Flow
ibm/sec
Total Reactor
Power (MW)
Average Heat
Flux in Reagtor
(BTU/hr-ft )
A-2
2000
1.0167
0.9487
11.04
5.0
7.32 x 10
C-9
2000
0.9377
0.9487
10.18
5.0
7.32 x 10
116 116inlet
A-1
1150
1.009
0.9205
6.672
2.5
4.0 x 10
116
FIG. 8.2-1
180 TEMPERARATURE DISTRIBUTION FROM MACABRE FOR
WITH A CORE I LOAD
wall temp.
170
plate 1, next to c
housing and contro
160 slot
0
... 0 plate 1
150
54
140
130
channel bulk temp.
120
co
110
0 5 10
distance from bottom of fuel (inches)
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TABLE 8.2-4
EXAMPLE OF FUEL PLATE TEMPERATURE GRADIENT
Channel A
Bulk Coolant
Temperature
(*F)
117.8
123.6
128.8
130.1
Plate Surface
Temperature on
Channel A*
(*F)
,159.9
171.2
140.3
139.1
Plate Surface
Temperature on
Channel B*
(*F)
160.0
171.7
141.2
139.9
Channel B
Bulk Coolant
Temperature
(*F)
119.3
129.1
136.0
136.9
'0
* Channels A and B are adjacent channels with one plate
between them. Plate surfaces A and B are the two
sides of this plate at the same axial height as the
given value of the bulk coolant temperature.
The predicted temperature distribution in A-2 and
A-1 are shown in Figs. 8.4-6 through 8.4-11 where they
are compared with the measured temperatures.
8.3 Temperature Measurements
Temperature measurements were made incore for both
steady-state and transient conditions. Transient
temperatures were measured as verification of natural
circulation cooling and are not included in this work.
The steady-state temperature measurements were made
for comparison with the predicted temperatures from the
power distribution measurements.
8.3.1 General Descriptions
Temperature measurements were made by inserting
stainless steel clad chromel-alumel type thermocouples
into various core positions. Measurements were made
at selected examples of each of the following:
1. Inlet plenum
2. Individual channel outlets
3. Element outlets
4. Fuel plate surfaces.
Figure 8.3-1 shows where thermocouples were inserted into
the Core I loading.
Leads from the incore thermocouples passed through an
open plug in the top shield lid to a data collection station
434
F I G. 8.3-1
CORE I THERMOCOUPLE PLACEMENT
REGULATING ROD
- fuel element outlet thermocouple
- fuel surface thermocouple element (4M42)
- fuel channel thermocouple element
(thermocouples at 5 channel outlets)
A- inlet plenum thermocouple located at bottom of
spider hole #3
Not shown:-thermocouple above natural circulation valve
number 1
-thermocouple at level of coolant outlet pipe
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on the reactor top. The data collection station consisted
of a switching arrangement, ice bath reference junction
and digital voltmeter for measuring the thermocouple
voltage. Standard tables (Ref. 8.3-1) were used to con-
vert the measured voltage to a measured temperature -reading.
A strip chart recorder was used for transient measurements
during natura. circulation tests. Figure 8.3-2 shows a
block diagram of the thermocouple wiring setup.
One problem that existed in .all temperature measure-
ments was an uncertainty in the total reactor power be-
cause of disagreement between the core AT measurements.
The reactor was always operated in a conservative manner
so .that the licensed limit on power would not be exceeded.
The power level for all of the temperature comparisons
was based on the reactor power calculated using the
primary flow - AT recorder in the control room, since
this was later found to give the more accurate value (based
on calibration against a standard). For purpose of com-
puting the temperature rises, the inlet temperature was
obtained by using the inlet plenum thermocouple. Because
the thermocouples mounted on the fuel plate surfaces were
grounded, their temperature readings fluctuated somewhat
when compared with the other ungrouAnded thermocouples.
F IG. 4378.3-2
THERMOCOUPLE WIRING BLOCK DIAGRAM
voltmeter
terminal strip
ice-water
reference
junction
switch
terminal
both wires
--- one wire
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I
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8.3.2 Fuel Element Outlet Temperatures
Figure 8.3-3 shows a fuel element outlet thermocouple
holder. Holders of this type were positioned over the
outlets of the elements in A-2, B-6, C-8, and C-14 in
Core I and above A-1 in Core II. The main problem in
the holder design was to affix the holder so that it
could not possibly break free during operating conditions
and yet would have minimum effect on the element flow.
The thermocouple tip is positioned in the element exit
plenum but its proximity to the channel exits may mean
that the measured temperature may not be the mixed mean
element outlet temperature. Table 8.3-1 shows the
measured element temperature- rise for several reactor
powers.
8.3.3 Channel Outlet Temperatures
Thermocouples were positioned at the center of the
discharge ends of 5 coolant channels in one fuel element
in an attempt to measure the mixed chann'l outlet temp-
eratures of several coolant channels. A special channel
outlet thermocouple holder was constructed to position
the thermocouples.
8.3.3.1 Channel Outlet Thermocouple Holder
A cnannel outlet thermocouple holder was designed to
optimize the following requirements:
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TABLE 8.3-1
MEASURED FUEL ELEMENT OUTLET TEMPERATURE RISE
Core I
Case 1 2 3 4
Nominal Power Listed
in Reactor Log (MW) 2.5 3.0 3.5 4.0
Power Based on Incore
Thermocouples 11 and
19 (MW)* 2.3 2.9 3.3 3.6
Power Based on
Flow - AT Recorder
(MW) 2.1 2.6 2.9 3.1
Coolant Inlet
Temperature for
Case (*F) 92.6 92.9 91.0 89.3
Temperature Rise
in Position A-2
(*F) 7.2 8.6 10.0 11.2
Temperature Rise
in Position B-6
(*F) 12.5 14.9 17.4 19.2
Temperature Rise
in Position C-8
(*F) 8.5 10.2 12.0 12.9
Temperature Rise
in Position C-14
(*F) 9.1 11.5 13.0 14.3
* T/C #11 at bottom of spider hole #1, T/C #19 in upper pool
at level of outlet pipes.
TABLE 8. 3-1 (Continued)
Core II*
Case 1 2 3 4
Nominal Power Listed
in Reactor Log (MW) 1.0 1.75 2.5 2.5
Power Based on Incore
Thermocouples 11 and
19 (MW) 1.0 1.66 2.27 2.31
Power Based on
Flow - AT Recorder
(MW) 0.88 1.45 1.9 1.9
Coolant Inlet
Temperature for
Case (*F) 92.8 92.0 103.8 104.0
Temperature Rise
in Position A-l
(*F) 7.7 12.5 15.0 15.1
* 1 Pump Operation
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'A. Device attachments must have minimal effect
on element or channel flow,
B. Device must be firmly attached to the fuel
element end nozzle to prevent motion during
operation,
C. Device must in no way cause damage to fuel
plates or fuel element,
D. Device must be completely removable from
irradiated element to allow normal use of
element upon completion of the measurements.
Figure 8.3-4 shows the thermocouple holder positioned on
a fuel element. Thermocouples were positioned at the dis-
charge of channels 2, 5, 8, 12, and 15. Because the
thermocouple holder had to be attached to the fuel element
prior to being loaded into the-core, the positions where
the element could be loaded were restricted by the motion
required to return the hold down grid plate to the locked
condition. The possible fuel positions were limited to
C-5, C-6, B-3, B-4, A-1, A-2, or A-3. The element was
loaded into position C-5 for Core I with channel 2 set
to be the second channel from the outside wall of the
core housing. The channel outlet thermocouple holder
was removed from the core prior to the Core II loading.
8.3.3.2 Temperature Data
Channel outlet temperatures were measured in 5
channel discharges of element C-5. Table 8.3-2 shows the
measured channel temperature rise for several reactor
powers. The measured temperature values are compared to
the predicted values in Section 8.4.
ball joint
bale clamp
release
mechanism
fuel elemei
end nozzle
bale
extension to reactor top
thermocouple position
clamp
thermocouples (1/16 in. -
stainless
steel clad)
/ tip of thermo-
couple is positioned
above fuel meat
between plates
F IG. 8.3-4 COOLANT CHANNEL OUTLETTHERMOCOUPLE HOLDER
4 4 3
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TABLE 8.3-2
MEASURED COOLANT CHANNEL TEMPERATURE RISES IN
ELEMENT POSITION C-5 FOR CORE I
Case 1 2 3 4
Nominal Power
Listed in
Reactor Log (MW) 2.5 3.0 3.5 4.0
Power Based on
Incore Thermocouples
11 and 19 (MW) 2.3 2.9 3.3 3.6
Power Based on
Flow - AT Recorder
(MW) 2.1 2.6 2.9 3.1
Coolant Inlet
Temperature for
Case (*F) 92.6 92.9 91.0 89.3
Temperature Rise
in Channel 2 (*F) 14.0 17.1 19.9 21.9
Temperature Rise
in Channel 5 (*F) 10.4 12.6 14.9 16.1
Temperature Rise
in Channel 8 (*F) 8.8 10.4 12.7 13.3
Temperature Rise
in Channel 12 (*F) 7.6 8.9 10.9 11.6
Temperature Rise
in Channel 15 (*F) 7.9 9.2 11.3 12.2
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8.3.4 Fuel Element Surface Temperature Measurements
Steady-state fuel plate surface temperature
measurements were made by using a "Thermocouple fuel
element". The "Thermocouple fuel element" was inserted
into position A-2 for the initial Core I loading. A
comparison between the measured and predicted temperatures
is found in Section 8.4.
8.3.4.1 Thermocouple Fuel Element
A special thermocouple instrumented fuel element
(4M42), shown in Fig. 8.3-5 and hereafter called the
thermocouple fuel element, was constructed by Gulf
United Nuclear Fuels (GUNF) as part of the first order
for the MITR-II. The thermocouple fuel element is
identical with other first core elements with the
following exceptions:
A. Thermocouples are crimped between the fins
at several plate locations,
B. The top end nozzle is screwed on rather
than being welded,
C. A holding pad for the thermocouple leads is
located in the top end nozzle.
Stainless steel clad, chromel-alumel thermocouples
which were 0.010 inches in diameter and 18 feet long
were supplied to GUNF prior to fabrication of the
thermocouple elerent. The thermocouple tips were
crimped between the fins at specified locations on
fuel plate surfaces on the element. Radiographs had
FIG.
THERMOCOUPLE
element
top end
T/C-#4
T4
wires fastened
to pad on this
side of inside
of top nozzle
element viewed
from bottom
8.3-5
ELEMENT DETAIL
number on
of this side
T/C-#1
0.100
mounting detail of
thermocouple #3
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been taken of each plate to which thermocouples were
attached so that the tip position relative to the fuel
meat would be accurately known. Thermocouple leads
were staked between the fins at several locations as
they passed up to the top end of the fuel plate. With
the thermocouple attached, the fuel plates were swaged
into the fuel element. The thermocouple leads were
fed through the upper end nozzle which was then screwed
in position. In the upper end nozzle, the thermocouple
leads were firmly held in position by a holding pad.
Because of the fragility of the 0.010 inch thermocouples,
only four thermocouples remained operable when the
element was loaded into the reactor. Table 8.3-3
shows the positions of the four operable thermocouples
for each core loading. With the thermocouple element
loaded in an incore position, the leads extended from
the holding pad and out of the core region and top
shielding to a data collection station. Because of
the rotating upper grid, the only possible positions
where the thermocouple element could be inserted were
A-1, A-2, A-3, B-3, B-4, C-5, and C-6.
8.3.4.2 Thermocouple Attachment Calibration
The temperature measured by a thermocouple in the
thermocouple element, relative to the actual fuel sur-
face temperature, depends upon the thermocouple attachment
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TABLE 8. 3-3
OPERABLE THERMOCOUPLE POSITIONS ON TIERMOCOUPLE ELEMENT
Core I
Element
T/C# Position Position of Thermocouple Tip in Element
1 A-2 On inside surface of plate 15 (15th
plate from solid dummy in A-1) toward
element in A-3 located 4 inches from
bottom edge of fuel meat.
2 A-2 On center plate in element (plate 8)
toward hexagonal spider located 0.1
inch from bottom edge of fuel meat.
3 A-2 On plate 2 in channel 3 (2nd plate
from solid dummy in A-1) toward hex-
agonal spider located 0.1 inch from
bottom edge of fuel meat.
4 A-2 Olplate 1, channel 2 side (1st plate,
2 channel from solid dummy in A-1)
toward hexagonal spider 0.1 inch from
bottom edge of fuel meat.
Core II
1 A-1 On inside surface of plate 15 (plate 15
is next. to solid dummy in A-3) toward
hexagonal spider located 4 inches from
bottom edge of fuel meat.
2 A-1 On center plate in element (plate 8)
towards durany in A-2 located 0.1 inch
from bottom edge of fuel meat.
3 A-1 On plate 2 in channel 3 (2nd plate from
hexagonal spider separating from B-1)
toward A-2 located 0.1 inch from bottom
edge of fuel meat.
st
4 A-1 On plate 1 in channel 2 (1 plate next
to hexagonal spider by B-1) toward A-2
located 0.1 inch from bottom edge of
fuel meat.
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effectiveness. Figure 8,3-6 shows an example of a "proper"
attachment and a "poor" attachment. A properly attached
thermocouple will read a temperature that is close to the
actual surface temperature while a poorly attached thermo-
couple will read a temperature that is closer to the bulk
coolant temperature. The response of fuel surface thermo-
couples was studied by Szymczak (Ref. 8.3-2) in experimental
heat transfer studies of MITR-II coolant channels.
In order to estimate the difference between the sur-
face temperature and the observed thermocouple temperature,
the attachment effectiveness must be determined. Szymczak
developed the curves shown in Fig. 8.3-7 which characterized
well and poorly installed thermocouples. In Fig. 8.3-7
a thermocouple installation factor, I, is plotted against
the experimental nh where the factors are defined as
follows:
T .- T
I T f7, (8.3-1)Q/A-
where,
Q/A is surface hgat flux at thermocouple location
(BTU/hr - ft ),
T 0is the temperature observed by the thermocouple
T is the bulk fluid temperature at the thermocouple
location (*F),
n is the fin effectiveness,
h is the heat transfer coefficient obtgined using
the Boelter correlation (BTU/hr - ft -*F).
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FUEL SURFACE THERMOCOUPLE DETAILS
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A well installed thermocouple will yield values that
lie to the right of curve 1, whereas, a poorly installed
thermocouple will yield values that will be in the region
of curve 3. The following table lists the values of I
obtained for the 4 thermocouples in the thermocouple
element based on measured temperatures in Core I at a
flow of 2000 gpm.
TABLE 8.3-4
INSTALLATION FACTORS FOR THERMOCOUPLES IN
THERMOCOUPLE ELEMENT
Thermocouple
Number 1 2 3 4
Installation
Factor, I 21.13 3.42 6.12 5.6
nh = 4.91 x 103 BTU/hr-ft2 -F
The points are all plotted on Fig. 8.3-7 at the
appropriate value of nh (value for fully developed flow in
Core I channel). Thermocouple 1 is clearly shown to be
very well installed. Thermocouples 3 and 4 appear to be
fairly installed and thermocouple 2 appears to be very
poorly installed. These results are somewhat surprising in
view of the great care that GUNF used in assembling the
thermocouple element and it was expected that all thermo-
couples would be well installed. The results may not be
due to the properness of the thermocouple installation.
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Thermocouples 2, 3, and 4 are different from thermocouple
1 in that the former are all on the bottom edge of the
fuel meat while the latter is located 4 inches up the
plate. The experimentally determined value of I, may be
low if the actual heat flux, Q/A, is lower than that
used to determine I (Q/A is obtained by the product,
Fr x Fa x average heat flux, for values of Fr, Fa at
that point) or if the actual value of nh is greater than
the one used to determine I. The following effects may
be causing a lower than expected Q/A or higher than ex-
pected nh for the thermocouples at the plate tips:
1. Entrance effect increases nh,
2. Thermocouple is located below fuel meat,
3. Density of fuel at thermocouple location is
lower than expected,
4. Axial conduction in fuel plate is high.
Entrance region effects may cause a higher value
of nh for the thermocouples at the bottom edges than was
used in plottine; the installation factors in Fig. 8.3-7.
The values of nh used in. Fig. 8.3-7 were based on a fully
developed flow model. The heat transfer coefficient, h,
is directly proportional to the Nusselt number and the
ratio of the mean Nusselt number in the entrance region
to the Nusselt number for fully developed flow, may be
approximated by the following expression (Ref. 8.3-3):
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Num C
N +/~ , (8.3-2)
where,
L is the distance from the channel entrance
to the point of interest,
D is the effective diameter of the channel,
C is a channel-coolant parameter hich is a
function of Reynolds number, Prandtl number,
and entrance geometry,
Nu is the mean Nusselt number at a distance
m L from the entrance,
Nu, is the fully developed Nusselt number.
For the channel and coolant conditions of the MITR-II, the
value of parameter C will be in the range of 1.5 to 5.
Since several fuel surface thermocouple tips are located a
distance approximately 5 length to diameter ratios from
the channel entrance, the Nusselt number at those tip
locations may be a factor of 1.3 to 2.0 higher than the
Nusselt number for fully developed flow. A higher
Nusselt number (and thus a higher value of h) would have
the effect of shifting the plotted installation points for
thermocouples 2, 3, and 4 to the right along the dotted
lines shown in Fig. 8.3-7. This shift to the right would
bring those thermocouples into the classification of being
well installed.
Radiographs of the fuel plates were used by GUNF to
position the thermocouple tips and thus, it is unlikely
but not impossible that the thermocouple junction is
1455
located below the fuel meat. However, it is highly
probable that the fuel density at the thermocouple
location is lower than expected. Figure 8.3-8(A) shows
the expected density distribution that was assumed in
calculating values of Fa from scanning data. Fuel
plate radiograph densitometer readings shown in
Figs. 5.3-2 through 5.3-6 show that actual fuel plate
density at the end of the plate may look like (B) in
Fig. 8.3-8. One potential fuel density distribution
that caused much concern in the safety analysis of the
MITR-II is called the "dogbone" and is (C) in Fig. 8.3-8.
Fuel density distributions as shown in (B) and (C) may
yield a lower fuel density than expected at the thermo-
couple location (for the "dogbone", remember that the
thermocouple tip is 0.1 inch from beginning of fuel
meat) and thus, the actual heat flux may be lower than
expected. During evaluation of the plate scanning data
it was observed that the power density at the tip of
the fuel meat dropped off faster than could be explained
by collimator area averaging, and thus, it appeared that
the fuel density decrease shown in the radiographs was real
and caused lower power densities than originally expected.
However, in the plate scanning evaluation of F a, an
extrapolation was used to determine F which neglected
a
this power decrease.
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F I G. 8.3-8
FUEL EDGE URANIUM DENSITY DISTRIBUTION
distance from end of plate
(A) assumed distribution
distance from end of plate
(B) apparent distribution
distance from end of plate
(C) dogbone distribution
The high thermal conductivity of aluminum may also
cause lower heat fluxes at the plate end than expected
because of heat transfer out the plate end. Axial thermal
conductivity was conservatively neglected in calculating
fuel plate edge temperatures.
Thus, the thermocouples at the fuel plate lower
edges are probably well installed, but conservative assump-
tions used in determining the heat fluxes and temperatures
at the channel entrances result in the thermocouples
appearing to be only fairly or poorly installed. The
thermocouples at the lower edge give lower than expected
plate temperatures because the temperatures are lower
than the conservative expected values. Thermocouples
3 and 4 give comparable values of I while the value for
2 is even lower. Thermocouple 2 may indeed be a poor
thermocouple because of some data irregularities and
spurious results for that particular thermocouple.
The actual wall surface temperature is obtained
from the measured wall temperature by knowing a cali-
bration factor. The calibration factor, Zc, used by
Szymczak (Ref. 8.3-2) is defined as follows:
T - T
Z =V w T (8.3-3)
c T w Tf
where,
T is the actual surface temperature,
V 0is the temperature measured by the thermocouple,
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Tf is the bulk fluid temperature at the thermo- (
couple tip elevation.
The calibration factor is plotted against rh in
Fig. 8.3-9 for different curves which depend on how well
the thermocouple is attached. These curves were generated
by summarizing several curves made by Szymczak. Note
that for lower values of nh which would exist in natural
circulation cooling, the thermocouples will read close
to the actual wall temperature even if they are poorly
installed. For Core I and Core II fully developed values
of nh, values of Zc are summarized in Table 8.3-5. By
knowing Zc and the installation characteristics, the actual
wall temperature can be determined.
TABLE 8.3-5
CORE I AND CORE II THERMOCOUPLE CALIBRATION FACTORS
Core I Core II
Z Z
c c
(nh = 4.91 x 103) (nh = 3.0 x 103)
Well Installed 0.4 0.32
Fairly Installed 0.62 0.52
Poorly Installed 0.83 0.77
8.3.4.3 Temperature Data
Taoles 8.3-6 and 8.3-7 give representative temperature
data for the thermocouples on the thermocouple element for
Core I and II, respectively. The data has been normalized
F IG. 8.3-9
THERMOCOUPLE CALIBRATION FACTOR
1. 2 3 4 5 6 7
nh x 10-3 (BTU/HR-FT - 0 F)
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TABLE 8.3-6
CORE I THERMOCOUPLE ELEMENT RESULTS
Fuel Plate Surface Temperature Rise above
Coolant Inlet Temperature
Case 1 2 3 4
Nominal Power
Recorded in
Reactor Log
(MW) 2.5 3.0 3.5 4.0
Reactor Power
Calculated from
Incore Thermo-
couples 11 and
19 (MW) 2.3 2.9 3.3 3.6
Reactor Power
Calculated from
Primary Flow - AT
Recorder (MW) 2.1 2.6 2.9 3.1
Coolant Inlet
Temperature (*F) 92.6 92.9 91.0 89.3
Thermocouple #1
(T0 - T it) OF 9;1 11.2 15.2 16.9
Thermocouple #2
(T - T. ) *F 1.1 1.7 3.6 4.8
o inlet
Thermocouple #3
(T - T. ) *F 4.5 5.0 8.0 9.8
o inlet~
Thermocouple #4
(T0 - T. let) F 4.3 5.0 7.8 9.3
TABLE 8.3-7
CORE II THERMOCOUPLE ELEMENT RESULTS
Fuel Plate Surface Temperature Rise above
Coolant Inlet Temperature*
Case 1 2 3 4
Nominal Power
Recorded in
Reactor Log
(MW) 1.0 1.75 2.5 2.5
Reactor Power
Calculated from
Incore Thermo-
couples 11 and
19 (MW) 1.0 1.66 2.27 2.5
Reactor Power
Calculated from
Primary Flow - AT
Recorder (MW) 0.88 1.45 1.9 1.9
Coolant Inlet
Temperature (*F) 92.8 92.0 103.8 104.0
Thermocouple #1
(T - Ti ), F 3.3 7.9 9.2 9.7
Thermocouple #2
(T0 - Tinlet), OF 0.0 0.9 0.0 0.0
Thermocouple #3
(T0 - Tit), *F 0.0 1.7 0.6 0.9
Thermocouple #4
(T - Tinlet) F 0.0 2.1 1.3 1.62
* (Core II-values for 1 pump operation)
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to be the temperature rise at the thermocouple location
above the bulk inlet temperature. The quantity, T0 - T inet
is the difference between the observed thermocouple
temperature reading, T , and the bulk inlet temperature
reading, T inlet for that case.
The temperature data is plotted versus reactor power
(measured using Primary flow - AT recorder, in Figs. 8.3-10
and 8.3-11 for core I and Core II, respectively. The data
is extrapolated to a reactor power of 5 megawatts for
Core I and 2.5 megawatts for Core II.
The extrapolated temperature values of the fuel surface
thermocouples are. listed in Tables 8.3-8 and 8.3-9 for
Core I and II, respectively. These values are used to ob-
tain the values of (Tw - f) for several calibration factors
where Tf is the bulk fluid temperature at the thermocouple
tip location and Tw is the fuel plate wall temperature. The
value of (T0 - Tinlet) is changed to (T0 - Tf ), by sub-
tracting T - Tinlet. The value of T - T is obtained
by performing a heat balance in the coolant channel between
the channel entrance and the tip elevation. (Tw -f) is
obtained by knowing Z0 and (T - T,). Taking Eq. 8.3-3
c 0
for Zc
(T - T)
z= w o(8.3-3)
c (T -T.
w o
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TABLE 8.3-8
CORE I FUEL SURFACE THERMOCOUPLE VALUES OF
Tw - T FOR SEVERAL CALIBRATION FACTORS, Zc
Thermocouple
Number
1
2
3
4
0 Tinlet
@5 MW
(0 F)
24.5
5.3
11.8
11.8
T 
- Tinlet
@5 MW
( 0 F)
5.7
0.2
0.25
0.25
o Tf (Tw -f )*
@5 MW
(*F)
18.8
5.1
11.55
11.55
zc= 0.4
( 0 F)
31.3
8.5
19.25
19.25
(T w- T f)**
w f
Zc= 0.62
(*F)
49.5
13.4
30.4
30.4
(Tw - Tf )***
Zc= 0.83
(0 F)
110.6
30.0
67.9
67.9
* Well installed
** Fairly installed
* Poorly installed
C'
TABLE 8.3-9
II FUEL SURFACE THERTMOCOUPLE VALUES OF+
T FOR SEVERAL CALIBRATION FACTORS, Z_
Thermocouple
Number
T - T.
0 inlet
@2.5 MW
(*F)
12.31
2
3
4
0.7
2.0
2.0
T - T.
f inlet
@2.5 MW
(0 F)
3.5
0.3
0.3
0.3
T 0 - T f (T - T )
@2.5 MW Zc= 0.32
( 0 F) ( 0 F)
8.8
01.4
1.7
1.7
12.9
0.6
2.5
2.5
(T - T )**
w f
Z = 0.-52C.
(0F)
18.3
0.8
3.5
3.5
(T - T )***w f
Z= 0.77C
(*F)
38. 3
7.4
7.4
* Well installed
** Fairly installed
* Poorly installed
+ Core II values for 1 pump operation
CN
aN
C
CORE
T
w
A
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and recombining terms and adding and subtracting Tf yields:
Zc T w - T f (TW - T-f (To T f)I (8.3-4)
which can be rearranged to yield:
(T0 - Tf)
(Tw Tf) = (8.3-5)
The values found in Tables 8.3-8 and 8.3-9 are con
pared with the predicted values for the given locations
in Section 8.4.
8.4 Comparison of Measured Temperatures with Predicted
Temperatures
The following series of figures are a comparison of
predicted temperatures with experimental measurements.
The comparison is clouded by several effects which include:
1. Uncertainty in knowing the absolute reactor power,
2. Uncertainty in thermocouple temperature readings.
The temperature data was plotted against a power
based on core average temperature rise measured by the
primary flow - AT recorder. During Core II operation,
this method was found to give the best estimate of core
power since the uncertainty in AT measurement was ±0.2*C.
However, between the operation of Core I and Core II,
the AT recorder was adjusted and recalibrated, thus,
leaving some question as to the accuracy of the Core I
power measurements. Recorder calibration is a periodic
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and routine procedure and should result in only small
differences in accuracy.
The incore thermocouples consistently showed a
larger AT than was measured on the flow - AT recorder
in the control room'. A thermocouple located at the
inlet plenum (#11) and a thermocouple located near the
core outlet pipe (#19) were used to obta3.n the incore
thermocouple AT measurement which was used to calculate
the total power. Figure 8.4-1 shows a comparison between
the incore thermocouple measured AT and the AT measured
on the flow - AT recorder for Core II. The incore
thermocouples give a AT that is consistently about 18%
higher than the flow - AT recorder. For the following
comparisons, the measured AT's were the difference between
the respective thermocouple and the inlet thermocouple and
the reactor power was the power based on the flow - AT
recorder.
Figure 8.4-2 shows a comparison between the measured
element average temperature rise and the predicted tempera-
ture rise for several element positions in Core I. Con-
sidering the previously mentioned uncertainty, the measure-
ments and predictions are in good agreement with the
exception of the B-6 position. The B-6 discrepancy is very
probably caused by the tip of the B-6 thermocouple not
being located in a position to measure the mixed mean
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element outlet temperature. There is a nonuniform power
distribution across an element in B-6 caused by the
proximity of the element to the fixed absorber spider.
The tip of the thermocouple may be measuring the tempera-
ture out of the hotter portion of the element. Comparison
of natural circulation (no forced convection) temperature
measurements indicate that the element in B-6 does not
generate more power than expected. An example of natural
circulation temperature measurements following three
hours of reactor operation with flow at a power of 3.5
nominal megawatts is shown in Table 8.4-1.
Figure 8.4-3 shows comparison between the measured
element average temperature rise for position A-l in
Core II and the predicted temperature rise (based on
reactor power of 2.5 MW and 1150 gpm primary flow). The
measurement and prediction are in good agreement.
Figure 8.4-4 shows a comparison of predicted and
measured coolant channel temperature rise in individual
channels of an element in C-5. The relative order of
temperature rise agrees for the measured and predicted
values, but the measured temperature rise shows a larger
value than the predicted value. The extrapolated value
of the hottest channel (channel 2) is, however, still
less than the predicted value which includes hot channel
uncertainties. Figure 8.4-5 is also a comparison between
the measured and predicted temperatures in C-5 with the
TABLE 8.4-1
NATURAL CIRCULATION TRANSIENT TEMPERATURES IN
A-2 AND B-6 FOLLOWING FULL POWER OPERATION
Nominal Power Prior to Shutdown = 3.5 MW
Element Position
Plate Scanning Data Predicted Ratio
of Element Power to Average Element
Power
Time after
Shutdown and
Pump Stoppage
" 2 minutes
10 minutes
Plenum
Inlet
Temperature
(*C)
28.75
29.5
A-2
Outlet
Temperature
(0C)
53.5
46.6
33.6 47.0
B-6
Outlet
Temperature
(*C)
53.5
46.9
47.2
A-2
1.14
B-6
1.141
20 minutes
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following differences:
1. A "best estimate" of the measured temperature
difference is obtained by reducing the measured
value by 18% (AT difference in Fig. 8.4-1),
2. The predicted values including hot channel
uncertainties are plotted.
In all cases the extrapolation of the "best estimate" is
well below the predicted value with uncertainties. The
predicted value of the hot channel #2 with no uncertain-
ties is very close to the "best estimate" prediction.
Figures 8.4-6 through 8.4-11 show the fuel surface
and channel bulk coolant temperature distributions pre-
dicted using the experimental power distribution as
input to MACABRE for the fuel plates that have surface
thermocouples attached. The MACABRE calculations were
made using nominal element dimensions, expected element
flow with 2000 gpm total primary flow (1150 gpm for
Core II), and a reactor total power of 5 MW (2.5 MW for
Core II). Thus, the temperature distributions are the
expected nominal distributions with an inlet temperature
of 116.0*F. The thermocouple element was located in
position A-2 in Core I and in position A-1 in Core II
(surface thermocouple locations are listed in Table 8.3-3).
The observed temperatures are plotted on each of the pre-
dicted distributions along with the expected wall
temperature if the thermocouple is well, fairly or poorly
installed.
* -channel 2 data
9 -channel 2 pred. with uncert.
A -channel 5 data
-channel 5 pred. with uncert.
* -channel 8 data
-channel 8 pred. with uncert.
* -channel 12 data
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As shown in Fig. 8.3-7, thermocouple #1 was
classified as very well installed. Because the
thermocouple attachment may have decreased the local
heat transfer efficiency and because thermocouple
leads are crimped between the fins up the channel
reducing the potential heat transfer from the thermo-
couple to the coolant, the observed temperature may
read closer to the actual surface temperature than would
be theoretically possible with a well installed thermo-
couple. Figures 8.4-6 and 8.4-9 show good agreement
between the observed surface temperature and predicted
temperature for Core I and Core II, respectively. The
observed temperature is less than the predicted in both
cases.
The results for thermocouples 2, 3, and 4 are
somewhat different. The observed temperatures are much
less than the predicted temperature based on conservative
assumptions at the entrance region and because of the
great care used by Gulf United Nuclear Fuel (GUNF) it
is very unlikely that all three thermocouples were
poorly installed. It appears that for the possible
reasons discussed in Section 8.3.4.2, the actual bottom
temperature spike does not exist at least for the cases
measured.
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8.5 Summary of Temperature Distributions
In general, the agreement between predicted and
measured temperatures is good. While this chapter
only serves to evaluate the steady-state temperature
data, it is also useful in the eventual evaluation of
the startup temperature data for a detailed natural
circulation analysis because it outlines some of the
problems in the startup temperature data. The follow-
ing conditions were observed in analyzing the temperature
data:
1. Some steady-state temperature data is
questionable possibly because of lack
of sufficient ice in the reference
junction temperature bath, reactor
building temperature fluctuations at
the data collection station, or
because readings were taken on the
night shift,
2. The difference in temperature rise
measured by the incore thermocouples
and temperature rise measured by
other means increased with reactor
power (see Fig. 8.4-1).
Neither of these effects should exist for the natural
circulation results because additional care was taken
during natural circulation test measurements and because
the reactor was at low powers when the temperature measure-
ments of interest were taken. For the steady-state tempera-
ture measurements the following conclusions are valid:
1) The measured fuel element temperature rise
is close to the predicted value,
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2) The fuel channel temperature rise is close
to the predicted value,
3) The observed fuel surface temperature at
the lower fuel meat edge is much lower than
the prediction obtained neglecting axial
conduction, entrance effects, and edge
density decreases.
4) The observed fuel surface temperature at a
point up the fuel channel is very close to
the predicted value provided that it is
assumed that thermocouple #1 is very well
installed (calibration factor, Z ~ 0.15
to 0.3 for flow conditions, for natural
circulation, T0 ~ Tactual)*
Uncertainty in the temperature difference measure-
ments based on reading accuracy and data collection
station temperature fluctuations is on the order of
±1.0*F. The error introduced by power level effects
and power level uncertainty were covered in Section 8.4
for the data analyzed. While the uncertainty and limited
scope of the temperature movements makes it very difficult
to use the results to determine new hot channel factors, it is
very interesting to note that since the measured temper-
atures are in good agreement with the predicted temperatures
obtained using nominal conditions, that the measured
temperatures are well below the temperatures that are
predicted when hot channel factors are included.
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CHAPTER 9
SELF-POWERED NEUTRON DETECTOR FLUX MAPS
Self-powered neutron detector flux maps in the MITR-I
and the MITR-II are discussed in this chapter. Section 9.1
is a general description of self-powered detector neutron
scans. Detector characteristics, experimental procedure,
and scan results are described in Sections 9.2, 9.3, and
9.4, respectively.
9.1 General Descriptions
Self-powered neutron flux detectors were used to map
the neutron flux distribution in several locations in both
the MITR-I and the MITR-II. Thus, the neutron flux dif-
ference between the two reactors at several locations out
of core has been determined, as well as, a comparison of
the flux magnitudes and distributions incore. The flux
maps of the MITR-I were made prior to its shutdown in
1974, and the flux maps for the MITR-II were made shortly
after startup of both Core I and Core II. Table 9.1-1
shows the positions scanned in the MITR-I and MITR-II.
Self-powered neutron detectors were also used to
measure the flux distribution change with shim bank height..
It indicated in Chapter 7 that changes in the power distri-
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TABLE 9.1-1
LOCATION OF RHODIUM SELF-POWERED NEUTRON DETECTOR SCANS
MITR-I
1PH3
3GV2
Incore Position #23
Incore Position #13
MITR-II
Core I
Incore Spider Hole #1
Core II
lPH 3
3GV5
Incore Spider Hole #1
Incore Corner Hole #6
Fuel Storage Rack
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bution with shim bank height may provide more limiting
conditions on the safety limit and limiting conditions for
operation. The scanning techniques described in this
chapter can be used to check power distribution changes
in future core loadings.
A Reuter-Stokes self-powered flux detector with a
103
rhodium emitter one centimeter long was used for the
neutron flux scans. All results were normalized to the
value that would be measured if the reactor was operating
at a steady-state power of 4.9 thermal megawatts, which
corresponds to the normal full power operating level.
9.2 Self-Powered Neutron Detector Characteristics
Self-powered neutron detectors operate by converting
the incident radiation on the detector emitter material
to energetic electrons which penetrate the solid insula-
tion surrounding the emitter and come to rest on a
collector or its surroundings. Given a circuit shown in
Fig. 9.2-l(A), the deficiency of electrons in the emitter
results in a positive charge on the center conductor
attached to the emitter. With the center conductor
connected to the outer collector sheath by a resister,
the rate of positive charge produced can be measured as
a current. Thus, the current measured is directly pro-
portional to the rate at which radiation is being absorbed
by the emitter.
F I G. 9. 2-I
SELF-POWERED NEUTRON DETECTOR OPERATION
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The self-powered detector used for the MITR scans
had a one centimeter long rhodium emitter. The rhodium
absorbs neutrons to become beta-active and the beta parti-
cles themselves penetrate the surrounding insulator, thus
charging the emitter. Other emitter materials are also
commercially available which work by beta decay or else
by using n-i-e~ or Y-e~ reactions, however, rhodium was
selected becuase it had the highest neutron sensitivity
of possible emitters. The response of rhodium self-powered
detectors is delayed by the rhodium beta-decay half-life
of 42 seconds. For accurate measurements, the detector
must be held in a constant neutron flux for approximately
4 minutes to allow the beta decay to reach its saturation
value.
Gamma radiation on the wire connected to the emitter
induces a current of the opposite sign of the current
caused by neutron absorption in the emitter section.
Because the gamma dose rate on the connecting wires is
not directly proportional to the emitter neutron fluence,
but is more dependent on the amount of wire physically
located in the core, the self-powered detectors were
gamma compensated. A second connecting wire, which is
identical to the wire connected to the emitter but is
not attached to the emitter or the outer sheath, is con-
tained in the sheath. Figure 9.2-1(B) shows the electrical
-- --------
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diagram of the self-powered detector measuring circuit.
With only the emitter connected to the current measuring
ypammeter, the meter reads a current that is equal to
the neutron induced current, In minus the gamma induced
current, I . With both the emitter and the compensating
wire connected to the yyammeter, the meter reads a current
that is equal to neutron induced current minus twice the
gamma induced current. Thus, the neutron induced current
alone can be calculated using the following equation:
Emitter and
Emitter Compensating
Only Reading Wire Reading
Neutron only = 2 x (I + I ) - (I - 2I ) = I , (9.2-1)
Signal n g n g n
The gamma compensation is performed in this manner
because reading the small current of the compensating
wire alone introduces too much uncertainty in the
measurement.
The neutron sensitivity of a 1 centimeter rhodium
self-powered detector is 1.2 x 10-21 amp/nv (Ref. 9.2-1).
Since the neutron fluxes of interest are on the order
of 1013, the electrical currents which must be measured
are on the order of 10-8 amps. The currents can be
measured with reasonable accuracy on a good yyammeter.
Since rhodium has a large resonance absorption, the
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current measured on the ypammeter is not directly pro-
portional to the thermal neutron flux. The measured
current is dependent on both the thermal and epithermal
neutron flux at the detector emitter. In order to
accurately determine the thermal neutron flux alone,
the ratio of epithermal to thermal neutron flux at each
point being measured and the effective resonance integral
of the emitter must be known. Because of uncertainties
in these latter quantities, the epithermal contribution
was not accounted for in these results and flux scan
distributions are shown as NV for a rhodium detector.
All measured currents in amps are divided by the detector
sensitivity (1.2 x 10-21 amp/nv) and then normalized to
4. 9 MW based on the power level at the time of the
measurement that was measured .on the primary flow - AT
recorder in the control room.
The self-powered detector has a 1/16" O.D. collector
and an 18 feet long connecting cable with a two feet
extension cable. The insulating material was M 0 and
the outside sheath of the emitter and connecting cable
was made of inconel 600. Reuter-Stokes recommended in-
stallation methods suggests that there should be at least
1/8 inch of water or equivalent mass between any aluminum
and the detector or cable because the 2.87 Mev betas from
aluminum can penetrate the detector or cable sheath and
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give spurious signals. Because both MITR's were aluminum
systems, this suggestion was not always possible to fulfill,
but no unusual effects were detected.
9.3 Experimental Procedure
The self-powered neutron flux detector scans were
made in the following manner.
A) Detector was inserted in thimble or tube
until the detector tip was at the full-in
position desired,
B) The detector was connected to the ypammeter
in a manner shown in Fig. 9.2-l(B),
C) The reactor power was level at desired condition,
D) Readings were taken with the emitter only and
with the emitter and compensating wire com-
bined,
E) The detector would then be withdrawn to the
next position of interest (the full-in
position was marked on the connecting cable
with a piece of tape at the location where
the cable first exited the sample tube or
shielding). A minimum of 4 minutes elapsed
before a reading would be taken after a
withdrawal was completed,
F) Readings and withdrawals would be repeated
until the scan was complete,
G) The detector was then withdrawn out of the
high neutron flux region and allowed to
cool for several days prior to removal.
Knowing the full in location of the detector tip
was a simple task. In most cases. the detector was
irradiated in a sample thimble and it was easily felt
when the detector tip struck the bottom of the thimble.
For the locations in the MITR-II core where an open
ended guide tube was used (see Fig. 9.3-1), the self-
powered detector tip would be positioned at the end of
the guide tube prior to insertion into the core region.
After the guide tube was in position, the detector was
slid down the guide tube to the desired bottom location.
While sliding the detector into position it was quite
easy to feel when the detector tip struck the bottom
of a corner hole, or the interface between the upper
and lower spider or the bottom of the core tank. Either
the original tip location with respect to the guide tube
or tip location with respect to felt. incore position could
be marked on the lead cable as a reference. While the
small holes at the bottom of the corner holes were theoreti-
cally large enough to allow passage of the detector tip,
it was never found to be possible to insert the tip more
than 4 inches below the bottom of the large diameter corner
hole. Because of the desire to. avoid having a tip stuck
or broken incore, no excessive force was used to aid the
detector tip past this impasse.
The yiiyammeter was always allowed to warm up for several
hours prior to use in order to increase its stability.
The detector zero was checked with each reading and care
was taken to insure that both the detector and y y ammeter
were properly grounded. The self-powered detector proved
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to be both simple and rugged. Between irradiations and
after the detector radiation level had decayed to accept-
able levels, the detector wire cables would require
straightening to allow easy sliding and positioning in
the guide tubes.
9.4 Rhodium Self-Powered Detector Results
The results in this section are all normalized to
a reactor power of 4.9 MW. The neutron flux results
are for a rhodium averaged spectrum and thus, the neutron
flux is plotted as the NV for rhodium. Figure 9.4-1
shows self-powered flux detector scans at two incore
locations in the MITR-I. The peak neutron flux in
the MITR-II occurred at the center of the reactor. The
detectors show a smooth cosine shaped distribution in
the axial direction with a peak in the thimble in position
1313 of 5.75 x 10
Figure 9.4-2 shows scans in vertical sample thimbles
in the graphite reflector (3GV facilities) for both the
MITR-I and the MITR-II. The MITR-I had a flatter flux
shape over the lower portion of the thimble than does
the MITR-II. The peak flux in the 3GV thimbles for the
MITR-II is about 20% less than the peak MITR-I value.
Table 9.4-1 compares the self-powered detector results
in the pneumatic facility, lPH3, for the MITR-I and -
MITR-II. The peak flux in lPH3 for the MITR-II is approx-
imately 35% less than the MITR-I value.
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TABLE 9.4-1
RHODIUM SELF-POWERED DETECTOR NEUTRON
FLUX MEASUREMENT IN lPH3
MITR-I* MITR-II CORE II*
1.625 x 1013 1.05 x 1013
* Readings normalized to a reactor power level of
4.9 MW. Detector tip was located inside the end
of the lPH3 pneumatic tube in the graphite reflector
region.
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Figure 9.4-3 shows a scan of spider hole #1 in Core
I. Note that the peak flux occurs at the bottom edge of
the core and that the flux shape is identical to the
shape determined using copper wires (Section 5.4). The
flux peak that occurs directly above core is greater
than the flux in the graphite pneumatic facilities.
Figure 9,4-4 shows a scan of spider hole #1 in Core II.
The neutron flux is not depressed in the upper portion
of the core as was the case for Core I. The overall
flux level was also-higher for the Core II scan of
spider hole #1 because in Core II a fueled element was
in A-1 next to the spider hole, whereas, in Core I a
solid dummy was in A-1.
Figure 9.4-5 shows scans in the core housing corner
hole next to the element containing the hottest channel
in Core II. Scans were performed at different shim bank
heights in order to evaluate the flux shape changes with
shim bank height as equilibrium xenon builds in the core.
These changes were discussed in Section 7.5. The corner
hole scans are very unsatisfying for showing this effect
because of the large effect the corner hole geometry has
on the flux shape at the detector location. Raising
the shim bank does greatly increase the flux level in
the upper portion of the corner hole (which would mean a
corresponding increase in the power level on the nearby
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plate). Because it was not possible to insert a self-
powered detector to the bottom of the core in a corner
hole position, it is not clear as to how much of the
increase in power in the upper portion is offset by a
decrease in power to the lower portion. The peak flux
at an axial height approximately 10 inches from -the
bottom of the fuel meat increased about 8% as the shim
bank was raised from 8.74 inches to 10.90 inches.
Knowing the change in neutron flux level at the
beam ports as the shim bank height changes is important
to beam port experimenters. Because much of the operating
week is spent achieving xenon equilibrium in the reactor,
there is a slow and continuous withdrawal of the shim
bank during the beginning of the week. Figure 9.4-6
shows the flux level beneath the reactor for Core I at
several shim bank heights. For this fuel loading, the
flux level decreased about 3.5% for each inch that the
shim bank was raised. The flux level beneath the reactor
for Core II at several shim bank heights is shown in
Fig. 9.4-7. For Core II the flux level decreased about
4.3% for each inch that the shim bank was raised.
Note in Figs. 9.4-6 and 9.4-7 that the absolute flux
level appears to be higher at the bottom of Core II than
the flux level at the bottom of Core I. This conclusion
is not correct. The discrepancy may be caused by one of
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the following reasons:
1) Uncertainty in reactor power level measure-
ments for normalizing data,
2) Uncertainty in the self-powered detector
tip location, or
3) Non-uniformity between supposedly identical
rhodium self-powered detectors.
Since all total reactor power level measurements were
based on the value obtained using the primary flow - AT
recorder, the power level uncertainty should be small
(within a few percent of measured value). The detector
tip location is only accurately known to within one
half of an inch and thus may yield some error. The
same self-powered detector was used in the scans of the
MITR-I and Core I of the MITR-II. Shortly after being
inserted into Core II and before readings were taken,
this detector failed. A second detector with a sup-
posedly identical emitter section as the first was
used for all Core II Scans. This second detector
appears to give noticeably higher values of absolute
flux than the first detector but the first detector had
failed before a calibration between the two detectors
could be obtained.
Figure 9.4-8 shows a self-powered detector scan of
a storage position in the fuel storage rack.. This
scan of an element in storage is a factor of about 700
below the bottom edge of the fuel meat of an element
F IG. 5089.4-8
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incore provided that poisoned inserts are kept in the
fuel storage rack to keep the element raised. The flux
drops off very rapidly up the fuel storage rack posi-
tion thus, the elements may be safely stored in the
rack.
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CHAPTER 10
CONCLUSIONS
The objectives outlined in Chapter 2 have been
completed. Core-wide distributions of the initial
cores of the MITR-II have been determined and the
Safety Limit Factor (SLF) and Operating Limit Equa-
tion (OLE) have also been evaluated. The initial
stages of startup are completed and research activity
has again commenced at the MITR facility. The fol-
lowing sections summarize the conclusions found in
this work.
10.1 Distribution Summaries
Power, coolant flow, and temperature distributions
were analytically and experimentally determined for
Core I and II of the MITR-II.
10.1.1 Core Power and Neutron Flux
The distributions of core power and neutron flux
for Core I and Core II are discussed in Chapters 5
and 6, respectively. Core I was operated with fixed
absorbers in the upper portion of the core and Core II
was operated without fixed absorbers. Solid aluminum
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dummi elements were loaded in both cores for reactivity
control. The undermoderated MITR-II core has a non-
classical power and neutron flux distribution. The
power density peaks at locations where additional
moderator is present such as: 1) outer edges of
the core (especially at the core housing corner holes
and water filled control blade slots with the blades
withdrawn), 2) gaps and coolant passages in incore
experimental facilities. The peak neutron flux occurs
in the reflector beneath the center of the core.
The results of power and neutron flux distribution
calculations and measurements for Core I are summarized
in Tables 5.5-1, 5.5-2, and 5.5-3. Table 6.4-1 summarizes
the power distribution calculations and measurements for
Core II. The power and neutron flux distributions of
Core I were in good agreement with design expectations.
The neutron flux and power densities in the active sec-
tion of Core I increased with increases in the length
of the fixed absorber necessitated by reactivity control
requirements. The active height of Core I was approxi-
mately 12 inches and the average power density in the
active core was about 130 watts/cm . Removal of the
fixed absorbers to form Core II flattened the power
density over the 22 inch fueled core length. The average
power density in Core II dropped to about 100 watts/cm3
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The thermal neutron flux level at the beam ports beneath
the core was greater for Core I than for Core II.
10.1.2 Flow
The flow distributions in the MIT-II are discussed
in Chapter 4. The 1-ring fuel elements receive the
highest average element flows. If the A -ing is fully
loaded with faeled elements, the A-ring contains the
element with the lowest flow. If at least one A-ring
position is occupied by a solid dummy or sample assembly,
the average flow to the remaining A-ring fueled elements
is greatly increased to a value that: is slightly below
the B-ring average. The C-ring has the lowest average
element flow if the A-ring is not fully fueled. The
peak flow disparity is approximately 7%, or the element
with the lowest flow receives approximately 7% less flow
than the average element in the core. The amount of coolant
flow that bypasses the core is very dependent on the number
of solid dummies and experimental facilities located in
the core. For Core I the bypass flow was about 6% and for
Core II, the bypass was about 8%.
10.1.3 Temperature
The temperature distributions in Core I and II of
the MITR-II are discussed in Chapter 8. The peak wall
temperatures for Core I and Core II occurred at locations
several inches from the bottom of the fuel in outer C-ring
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element positions. The measured temperatures were in
good agreement with the temperatures predicted by using
nominal conditions with the exception of the lower fuel
meat edges. The bottom edge temperature spike appears
to be much smaller than was predicted using conservative
assumptions. The combination of increased heat transfer
at the channel entrance, decreases in bottom edge uranium
density, and axial heat conductionwhich were neglected in
the calculated prediction,result in a low and very accept-
able bottom temperature spike. All measured and predicted
nominal temperatures fell well below the temperature re-
quired to cause boiling in the core.
10.2 Agreement Between Predictions and Measurements
The agreement between measured and predicted values
in the MITR-II initial cores is very good with the fol-
lowing exceptions:
1) Measured lower edge wall temperature is much
less than predicted,
2) Predicted values of Fr (radial peaking factor)
for individual plates are lower than measured
plate values while predicted values of F for
entire elements are in very good agreement with
measured values,
3) Predicted values of Z at the hot spot tend to
be larger than the measured values because of
the lack of axial mesh points in the computer
calculation to accurately show the axial po-
sition at which the hot spot occurs,
4) Some specific experimental data values in Core
I (central plate scans in C-10) are questionable
at local points but the discrepancies are
averaged out in obtaining core-wide results.
The agreement between experimental and predicted
core factor values was best in the hot channel positions.
The uncertainty in power density predictions and measure-
ments was less than the 10% uncertainty factor utilized in
determining the SLF and OLE.
10.3 Summary of Safety Limit Evaluation
The safety limit of the MITR-II is set to prevent
boiling induced flow instabilities which could lead to
boiling burnout. The safety limit will not be exceeded
provided that the measured system values of reactor power,.
coolant flow, outlet temperature, and water level are
within the limiting safety system settings and that the
Safety Limit Factor (SLF) is less than 2.9. The SLF was
evaluated for Core I and Core II of the MITR-II and is
discussed in Chapter 7. Full power operation of both
cores was authorized because the SLF values were less than
2.9. The hottest channels occurred in C-ring elements next
to the outside boundary of the core. Using conservative
calculations, the value of the SLF increased with shim
bank height for both cores, thus imposing an upper limit
on allowable shim bank height for initial operation at
which the SLF equaled 2.9. Because Core II was operated
without fixed absorbers which normally depress the power
in the upper core, the raised shim condition was more
limiting for Core II than for Core I and the shim bank was
limited to being withdrawn less than 14.6 inches. The
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higher shim bank calculations are very conservative
because the effects of xenon and burnup are neglected.
10.4 Summary of Limiting Conditions for Operation
The limiting condition for operation above 1.0 kw
is that the core factors have been determined and it has
been shown that incipient boiling is prevented from
occurring anywhere in the reactor core at values of reactor
power, coolant flow, outlet temperature, and water level
that correspond to the limiting safety system settings.
Incipient boiling will not occur in the reactor core if the
value of the Operating Limit Equation (OLE) is less than
or equal to 3.72. The OLE was evaluated for Core I and
Core II of the MITR-II and was shown to be less than
3.72. The derivation of the OLE and its evaluation for
the initial cores was discussed in Chapter 7.
The OLE has its maximum value at the point where 'the
wall temperature is its maximum value in the core. The
peak wall temperatures for the initial cores occurred on
fuel plates in the C-ring next to the reflector outside
the core. The peaks occurred at axial heights several
inches from the bottom of the fuel meat. While the axial
height of the maximum value of the OLE increased with
increased shim bank height, the value of the OLE remained
approximately constant for Core I. For Core II, the
value of the OLE increased with shim bank height and the
limit of 3.72 was conservatively calculated to be reached
516
at a bank height of 15.0 inches (1 pump flow).
The initial design of the Incore Sample Assembly
(ICSA) could not be utilized in the MITR-II because of
large power peaking in the fuel plates of fuel elements
nearby the facility. The ICSA containcd an excess of water
and the resultant thermal neutron peaking would have re-
sulted in the OLE being exceeded if the eactor were operated
at powers above 1.0 kw with the ICSA incore. A minor
revision of the design can be made to remove the excess
water from the core.
16.5 Recommendations
The following recommendations are made for evaluation
and loading of future cores:
1) Operation with fixed absorbers is much
preferable than operation without fixed
absorbers. Fixed absorbers increase the
thermal neutron flux beneath the -reactor
by depressing the power in the upper core.
Power peaking and neutron flux changes with
shim bank height are more acceptable in the
core with fixed absorbers.
2) A full core 3-D calculational method should
be developed that would include effects of
burnup and fission product poisoning and
would yield accurate element average powers.
3) Improved methods should be developed for
deriving single element fuel plate powers
from the results of the 3-dimensional
calculation.
4) The calculational models with burnup and fission
product poisoning should be used to evaluate
blade height effects.
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5) A solid dummy or sample facility should be
included in the A-ring in all core loadings
in order to insure an acceptable coolant
#flow distribution*
6) The use of variable plate loadings in fresh
fuel elements to decrease the beginning of
life power peaking may be worth future study
(lower loading in two outside fuel plates).
7) Experimental facilities loaded incore may
be used to tailor the power distribution
in such a manner than the power peaks occur
at a specific location and are insensitive
to other system effects such as blade height.
Positions for making flux wire and self-
power neutron detector scans should be
provided in the design of the facility.
8) A fuel management scheme similar to the
one suggested by Kadak-(Ref.10.5-1) should
be used. Fresh fuel should be loaded in
the A and B rings and then moved to the
C-ring after depletion time step.
9) If the factor, F is to be evaluated and
not set equal 2 to 1.0, the definition
of F in the Technical Specifications
should be modified slightly.
10) The hot'channel factors should be combined
in a semi-statistical manner.
The last two recommendations would require approval
by the Nuclear Regulatory Commission prior to use.
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APPENDIX A
MITR-II Detail Startup Procedures
1) Procedure 5.0.4 - Removable Plate Handling Procedure
2) Procedure 5.9.1 - Neutron Flux and Core Power Mapping
3) Procedure 5.9.2 - Flow Mapping Procedure
Note: Procedures in this section have been condensed from
approved form in MITR-II Startup Procedure Manual.
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5.0.4 Removable Plate Handling Procedure (page 1 of 2)
Prerequisites
1. Special cask ready if required.
2. Removable plate element handling tools ready.
3. Removable plate element removed from core as per
refueling checksheet and stored in storage ring.
4. RPO present on reactor top.
Procedure
1. Slowly raise element to top of reactor pool while
RPO surveys radiation level.
2a. If radiation levels are low, transfer element
directly to hot shop by hand and proceed to step 11.
2b. If radiation levels are high, attach upper end of
fuel element hook to small crane hook and tape hook.
3. Position special cask on transporter on reactor
floor below reactor top catwalk.
4. Guide element with rod while element is raised
clear of pool using crane.
5. Using crane, position element above special cask.
6. Man standing on catwalk guides removable plate
element into special cask.
7. When element is securely in cask, man on catwalk
unlatches lifting tool from element and lifting
tool is lifted away.
8. Cask and element transferred from reactor floor to
hot shop.
9. Squirt alcohol into channels to plates to be removed.
10. Using hook, remove from cask and place in lead cave
in hot shop.
*11. Remove 8 screws and end box from element.
12. Use polyethylene dowel to push plate to be removed
3/4" out from other plates and attach clamp to end
of plate.
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13. Squirt alcohol along edges of plate to be removed.
Do not force plates.
14. Slowly slide plate out of element and place in
shielded location if hot shop and record plate
number and location in element from which it
came. (Slot number and if plate number was at
"notch" end or "other" end.)
15. Repeat steps 12 - 14 for other plates as necessary.
16. Upon completion of usage of plates, clean plates.
5.04 Removable Plate Handling Procedure
17. Clamp end of plate to be replaced and record
number and location.
18. Slide plate in and lubricate with alcohol.
19. Repeat steps 17 and 18 for other plates as necessary.
20. Attach end box with eight screws.
21. Remove element from cave in hot shop to cask if
necessary.
22. Return element to reactor building and store in
fuel storage rack following standard procedure.
* Note: During handling and use of the fuel element or
fuel plates, the fuel must be under surveillance
or left in a secure condition. All handling
must be within the Tech Spec 3.10.
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Procedure 5.9.1 Neutron Flux and Core Power Mapping
Acceptance Criteria
Values of Fr, Fa' FHC, F shall be determined together
with an estimate of experimental uncertainty.
Prerequisites
1. Startup checklist 3.1.3 completed.
2. Reflector and core at normal operating level, as
preliminarily determined during preoperational test
program. Waters at operating purity.
3. Main reflector flow, main coolant flow, secondary
coolant flow are stopped. Circuit breakers for
pump motors in these systems open and tagged open.
Flow has been stopped long enough for systems to
reach ambient temperature. (Clean up system pumps
operating in shutdown cooling mode for reflector
system and primary system.)
4. Scram circuit bypassed for: (if jumper required,
jumper must be tagged and recored in Log Book)
Reflector low flow scram
Secondary flow scrams and primary flow scram.
Shield coolant low flow scrams
5. Neutron source(s), in 3GV port attached to be removable,
6. Nuclear instruments all in place and configured as
follows:
Power range
Channel 4 - normal port
Level trip set minimum, corresponding to 20 amps from
chamber, and < 100 KW.
Channel 5 - normal port
Level trip set at amps corresponding to
watts (<200 watts)
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Channel 6 - normal port
Level trip set at amps corresponding to
watts. (<200 watts)
Channel 7
Normal location, normal adjustments.
Channel 8 - Located for maximum sensitivity in normal
well (3GV-3). Meter relay trip set .
Channel 9
Normal location, normal adjustments.
Startup Range
Channel 1 - Located in 31H3. Normal trip setting of
> + 10 sec. period. Chamber voltage
setting and discriminator setting established
and recorded.
Channel 2 - Located in a 4THl port. Trip setting of
> + 10 sec. period. Chamber voltage
setting and discriminator setting established
and recorded.
Channel 3 - Located in 41H4. Normal trip setting
(> + 10 sec).
With the startup source(s) in the ICSA or in 3GV,
Channels 1 and 2 must be on scale, at least, 10 cpm.
Demonstrate that the startup source(s) or 3GV are
causing on scale indication by lifting the source
from the ICSA. Observe a decrease in instrument
output on the meters to be observed during fuel
loading.
Channel 1 Channel 2
7. Procedure 5.1.3 demonstrated that required shutdown
margin as required by Technical Specifications exists.
8. Reactivity change due to source removal from ICSA will
be % K/K as estimated in procedure 5.1.1.
Maximum allowed is (0.2%) K/K per Tech Spec 3.9.
Reactivity effect for 3GV will be less.
9. Coolant circulated to remove bubbles, per procedure
5.0.3.
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Special Precautions
1. Two low power level scram and two period trip channels
shall be operating at all times. Other channels should
be operable and operation without a given channel must
be recorded in the log and approved by a licensed senior
operator and a licensed operator.
2. Estimated power level should be less than 500 watts if
a Plutonium-Beryllium source is used.
Always set the rod positions from the same direction
to avoid backlash effects on the reading of the critical
position.
Procedure
1. Fuel plate gamma scanner set up in hot shop.
2. Wire counting apparatus set up in hot shop.
3. Foil counting apparatus set up.
4. Using fuel radiographs obtain (0,0) location for each
removable fuel plate.
5. Scan the unirradiated fuel plates three times to check
(0,0) and obtain background counts (attach data sheets).
6. Dry run of gamma scanning performed and method approved
by RPO.
7. Gamma scanning can begin when sustained operation at
100 watts is possible.
8. The following method shall be used for gamma scanning:
a. Removable plate fuel element uranium and foil
loaded in core following standard fuel loading
procedure. Foil must be irradiated in repeatable
location.
b. Reactor operated at 100 watts for 30 minutes.
C. Removable plate element and foil removed from core
and placed in transfer shield.
d. Plates removed from elements and scanned (standard
data sheets will be attached).
e. A cobalt foil shall be irradiated in 1PH2 for every
irradiation and saved.
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9. Dry run of wire scanning method done and method
approved by RPO.
10. At the two fuel element locations that indicate highest
power, copper wires shall be attached to the fuel
elements and placed in corner holes and spider holes
(using self-powered detector guide tube). The wires
shall be scanned and the data sheets attached.
11. Dry run of foil counting method done and RPO approves
of method.
12. Bare and cadmium covered cobalt, gold1 and copper foils
shall be irradiated in the following positions and
data attached.
A. lPH2 - bare only
B. Sample assembly
13. The rhodium self-powered detector shall be used to scan
the corner holes and spider holes and data attached
(may be done at higher powers) .
14. Based on assembled data the following are found to be:
Fr
F a
HC
F =
p
Calculations attached.
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5.9.2 Flow Mapping Procedure
Acceptance Criteria
Values of Ff and d shall be determined with an
estimate of experimentaf uncertainty.
Prerequisites
1. Above core flowmeter constructed.
2. Pitot tube test device constructed and calibrated.
3. 100 inch manometer constructed.
4. Core filled with 24 elements, two solid aluminum dummies
and proper ICSA or finned fuel dummy in one central
position.
5. Reactor shutdown condition.
6. Startup check sheet 3.1.3 completed and main pump tags
cleaned.
Procedure
1. Install above core flowmeter above fuel position C-13
and clamp in place.
2. Connect 100 inch manometer and bleed air out of lines.
3. Connect manometer to primary flow nozzle as per
procedure.
4. Start MMl and throttle to 1150 gpm.
5. Record Ah on both manometers on attached data sheet.
6. Move flowmeter to above each fuel position and record
Ah on flowmeter manometer on attached data sheet.
7. Position flowmeter above C-13 and clamp in place.
8. Start MMlA and throttle to 2000 gpm.
9. Record Ah on both manometers on attached data sheet.
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10. Move flowmeter to above each fuel position and record
Ah on flowmeter manometer on attached data sheet.
Keep water temperature constant and repeat measure-
ments as desired.
11. For positions with Solid Dummies and ICSA, the flow is
to be measured by fuel shuffling Caution must be taken
to assure that the shut down margin is not exceeded.
Unload fuel before unloading the Solid Dummy element
and moving it to a symmetric position. Use fuel
loading procedures. Check for change in flow for
elements adjacent to dummy positions.
12. Determine bypass flow for each of the following items.
Attach additional sheets to show whether bypass flow
is calculated, measured or a combination of both.
BYPASS FLOW
(6) Control Blades 
_gpm
(6) Corner Holes 
__ pm
(4) Check Valves gpm
(2) Antisyphon Valves gpm
Annular Partition Gasket 
____egpm
Annular Partition Gasket
Housing Joint gpm
(2) Dummy Elements gpm
Subtotal A gpm
Sample Assembly 
__gpm
Subtotal B 
_gpm
13. Minimum df =
14. Where W is the total flow for which the bypass flows
were determined:
W - A
f W
15. When a sample assembly is in use:
F1 W - Bf W
Cegpm Flow
Position
A-1
A-2
A-3
B-1
B-2
B- 3
B-4
B-5
B-6
B-7
B- 8
B-9
C-1
C-2
c-3
c-4
C-5
Main Flow
Ah Nozzle
(if applicable)
Incore
Flowmeter
hi h2 /
Incore
Flowmeter
h h2 Ah
Incore
Flowmeter
Ah
Incore Results
AVE
Ah Ah0.477
(~AJ
H
pI mp I ; I
Case
h 1 h 2
sprmn Flow
Position
C-6
C-7
C-8
C--9
C-10
C-11
C-12
C-13
C-14
C-15
Main Flow
ALh Nozzle
(if applicable)
Incore
Flowmeter
h 1 h 2
Incore
Flowmeter
Ah Ihl h2
Incore
Flowmeter
Ah h h
Incore Results
AVE
Ah S0.477Ahn*
I',)
Case
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APPENDIX B
Three-Dimensional CITATION Computer Code Output
Listing for Core I Loading
24 Fueled Elements
3 Solid Dummy Elements (A-1, B-2, B-8)
Shim Blades at 8 inches
Fixed Cadmium Absorber at 10 inches from
Fuel Bottom
Reactor Power at 5.0 MW
IGENEPAL CONTROL INPUT - SBCTIOE 001
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0
1- 0- 0 1 0 -0 .- 0-. -0-0 0 0 -1 0 0 0 0 0 0 0.0 0 0
200 100 10 2 3 0 0 0 0 0 0 0 0 0 0 0 0 20 60 20 60 60 240
1 .200000 00.3.9,0000001-0 1 9.999999 109.--9.199999E23-0.0 .000000E.00.
_ jIUTRON FLUXLP F0 L LMDESCiP10PTI0SC.0.0
_ 0 0 .0 12 -. 0 _0...0 0 _1 1 .. --0.-0 .0 0 -- 0 .0 0 0 0 0 -
9.999999E-04 1.0000001-02 9.999999E-05 9.9999992-05 9.999999E-05 ,0.0
0. -1.000000E+00 5.i.0400 00.r+00 ... 00 0MU000 .00o000 1 .0)'
LETT.TOP,PXGHT,8OTTOfRQVTBACK-BOU NDAR I-CONDIT 0tfS AR.-.
0.0 0.0 0.0 4.692000E-01 4.6920001-01 4.6j92000E-01
THREE DIMNENSONAL CIINDRIChL GEOMETIY (N.TKETAZ) HIDTN 3. 141590+00 EZIGHT 1.244000E+02 DEPTH 1.6400002+02
a3GION SPEC!PICATIONS
PTS-.IGION. WIDTi
1 4.632500E-02 1 6.069999E-03 1 6.457370!-01 1 2.9536700E-01 1 1.0479003-01 1 2.9667002-01
_-_6..457370-1 1.-1.07900E-0 L6.457370101.1 2.956700-01 1 . 5.23500E 02 .- _ _____
S____ PTS REGION HEIGHT
1 3.552000E+00 1 8.960000E-01 1 1.893000+00 1 5.34 00C0-01 1 1.7500001+00 1 5.450000E00
1 4.292000E+01 1 1. 00000E+oo 9,525000-01 1 4-..465 001 1 350E00-01 . _-6-350j0.00-01..
1 9.5250000-01 1 6.B70000E-01 1 1.726000E+00 1 1.543500E+01 1 1.543500E+01 1 3.0000001+00
.- 6.5039 990F. - _ 1-
PTS REGITN D!PTH
1 3. 048000E+01 1 1.016000E+01 1 1.265000E+01 17.5OOOO+05 1 5.080000+0d 1 1.016000E+011 5.002500E+00 1 5.002500E+00 1 11 M95000E+00 1 1.00000z+0
1 6.0000001-01 1 1.900000BO0O 1 3.200000!+00 1 6.000000E-01 1 4.127500E+00 1 0.127500E+00
1 4.127500E+00 1.4.251750E+01
X-DIR. POINTS 11 1-DI. POINTS 19 Z-DIR. POINTS 20
DISTANCES TO MESl INTVRYA INTERFACES
J DIST.
2 0.0. 3 0.052 4 0.698 5 0.995 6 1. iOD 7 1.396 8 2.042 9 2.147 10 2.793
11 3.089 .142 _
DIST.
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20 21 0 1 0 0 -1 0 x20 -22.'?3 . 1 0 0 -3 . 0 -- COR___-__
24 24 0 1 0 0 -1 0 ALNE20
25-26 0 1 n _ 1 0_A +D70+T0T
27 27 .0 1 0 0 -1 0 AL+VOID
28 7 0 1 0 0 -1 L LDz*00+k0an
33 39 0 1 0 0 -1 0 COR!-H20
_40-40 _0 1 0_- 0- -.- _0.. hAL+ 420
41 41 0 1 0 0 -1 0 VOID
_42. 42 0 10. 000 -1 0 H70.
15. zPTlON OtI, 50 PT c-CROSS STTQN. _-
SET- NOCS_.GRPS_-UPSCDVSC a. .----- TITLE
1 57 3 0 2 MICROSCOPIC CROSS-SECTIONS FOR TNE BITR-It
S_ ,G_____ ?00P UPZ EERGY.SEAN ENERCY 1/V I-SECTION DIST.FUNCT
1 1.000000E+06 5.4772007+04 1.990000E-09 1.000000
2 1 .000000I031. 464000*0 12.77 9000-0 0 -E-0-0.-
3 4.000000E-01 1.0000002-02 4.247000E-06 0.0
SUS .- _...1.000000
INPUT NUCLIDE DENSITIES (NlUCLD NUMBER -DENSITF
3NsS J- 1 SUS-ZONE INDICATOR 0 AND CONTROL OPTION 0-
1 4.39000E-04 2 3.35900E-05 4 3.18300E-02 3 1.545003-02
ZONIS 2- 2 SUB-ZONE INDICATOR 0 AND CONTROL OPTION 0
. _31 .0 200 0 2 6 00!:fl20?S
ZONES 3- 3 SU-Z04t INDICATOR 0. ANDCONTROL OPTION 0
5 4.39000E-04 6 3.35900E-05 8 3.18300E-02 7 1.54500E-02
%ONES 4- 4 SUB-20B INDICATOR 0 AND CONTROL OPTION 0
S_4,_3900-04 10 359.001- __11_3 303E2 121.5500-0?
ZONES 5-_ 5 SUB-ZONE INDICATOR 0 ANDCONTROL OPTION 0 
15 4.39000E-04 16 3.359001-05 13 3.18300E-02 IN 1.545009-02
ZONES 6- 6 SUB-ZONE INDICATOR 0 AND CONTROL OPTION 0
- -..- 170_ 9000-94 . 10 ,5 9001-05 20 3. 19 3'00-02 19 1. 54500Z-07
ZONES 7- 7 SUD-ZON? INDICATOR 0 AND CONTROL OPTION Q_
21 3.275001-02 22 1.621002-04 47 1.64570E-04
ZONES 8- 8 SUB-",NE INDICATOR 0 AND CONTROL OPTION 0 -
34 .29500E-02Q
C _2 __ ZONES 9- 9 SU2-ZiONE INDICATOR 0 AND CONTROL OPTION 0
36 6.960C0E-03 35 5.11950E02
E_
ZONES 10- 10 SUN-ZONE INDICATOR 0 AND CONTROL OPTION 0
38 6.02300E-02
-_ZONES 11- 11 SUB-zON_ INDICATOR 0 AND CONTROL OPTIC5 0
53 5.02300E-02
ZONES i2-12 SUD- ZON INDICATORIO ANi CONTROL OPTION 0 O
54 6.02300E-02
20NES 13- 13 SUB-ZONE INDICATOR 0 AND CONTROL OPTION 0
24 4.39000E-04 25 3.35900!-05 26 3.18300E-02 27 1.54500E-02
ZONES 14- 14 SUS-ZoNE INDICATOR 0 AND CONTFOL OPTION 0
28 4.39000!-04 29 3.35900E-05 30 3.18300E-02 31 1.54500E-t2
\-n
0
C
40 3.012001-02 39 1.65500.-02
zoNES 16- 16 SU9-ZONE INDICATOR 0 AND CONTROL OPTION 0
ZONES 17-.17. SUS-ZONEl INDICATOR 0 AND-CONTRCL OPTION J
42 1.65400E-02 43 3.12000E-02
ZONES 18- 18 SUB-ZONE INDICATOR 0 AIND CONTROL OPTION
44 140-7
_ ZONES 19- 19 SUE-ZONE INDICATOR 0 AND CONTROL OPTIONJ
45 3.14300E-02 46 3.012001-03
ZONES 20- 20 SUB-ZONE INDICATOR 0 AND CONTROL OPTION
____ 47__ 3.14000Z-07
C ZONES 21- 21 SUB-ZONE INDICATOR 0 AND CONTROL OPTION-A
48 3.34000E-02
E_-
ZONES 22- 22 SUB-ZONE INDICATOR 0 AND CONTROL OPTION
_____7_ __4N 9100E10AL-12_..35_90015D5 30_5_400fl-
ZONES 23- 23 SUB-ZONE INDICATOR 0 AND CONTROL OPTION
15 4.39000E-04 16 3.35900E-05 '13 5.4040CE-02
ZONES 24- 24 SUB-ZONEINDICATOR 0 AND CONTROL OPTION
5_2-60_ 2-6. 30 3_-5.1-3.006 0 0E - 2
203ES 25- 25 SUB-ZONE INDICATOR 0 AND CONTROL OPTION _
21 1.32920Z-02 22 5.42160E-03 56 5.10000E-01
ZOES2I- 26 SUB-ZONE INDICATOR 0 AND CONTROL OPTION
712. 09150-072 .22-.Q10.20011-56-..2000E-...
-ZONES 27- 27 SUB-2ONE INDICATOR 0 AND CONTROL OPTION.0
22 9.03600E-03 56 8.200001-01
ZONES 26-28 SUB-ZONE INDICA ToR 0 AND CONTROL OP-ION0
21 1.5 60 -0 2 72-'.812QE-03 .6..A4.60000-.1
ZONES 29- 29 SUB'--20NE INDICATOR 0 AND CONTROL OPTION
21 9.96900E-03 22 3.614401-03 56 3.40000E-01
ZO3ES 30- 30 SUB-ZONE~INDICATOR 0 AND CONTROL OPTION
5 - 21 1.728001-02 22 4.21680E-03__6 4.100001
c ZONES 31- 31 SB-ZONE INDICATOR 0 AND CONTROL OPTION
c 21 1.99330E-02 22 3.61440E-03 56 3.40000E-01
ZONES 32-32~SUB-ZONE INDICATOR 0 AND CONTROL OPTION
d _ 21_2.591901-02 22_180720E-03 56 1.90000-0_1
ZONES 33- 33 SUB-ZONE INDICATOR 0 AND CONTROL OPTION '
5 4.39000!-04 6 3.35900E-05 8 3.183031-02
ZONES 34- 34 SUB-ZONE INDICATOR 0 AND CONTROL OPT'ON
9 4.39000E-04 10 3.35900E-05 11 3.18300E-02
_ ZONES 35- 35 SUB-ZOMElINDICATOR 0_ AND CONTROL OPTION
15 4.39000E-04 16 3.35900E-05 13 3.18300t-02
ZONES 36- 36 SUB-ZONE INDICATOR 0 AND CONTBCL OPTICO
24 4.39000E-04 25 3.35900E-05 26 3.18300E-02
0
0
0~
9
o 0
0
0 ___________________________________________________________
0
0
0
0
\F1
I R#~W4~
N)
-f.- *"i ---- , - -- ---
_____2Q~i3~ZQ.ZC~I0E.DAR...CQRR0LOPTION a
28 4.39000!-04 29 3.35900!-05 30 3.183008-02
ZONES 36- 38 593-ZONE INDICATOR 0 AED CONT!OL OPT!0O 0
174.19001- 15 9 00in-0l.5 70t2 .JO 1fP072.D.?
ZONES 39-39 SUD-20N5. INDICATOR 0 AND.CONTROL OPTION 0
1 4.39000E-04 2 3.35900E-05 4 3.18300!-02
ZONES 40- 40 SUB-ZONE INDICkTOR 0 AND CONTROL OPTION 0
__ ZONES 41- 41 SU3-Z088 INDICATOR .- AND CONTROL OPTIO4 -0------_ _ _
57 1.00000E+00
20CS 42- 42 SUB-20:8 INDICATOR 0 AND CONTROL OPTION 0
FISSIL NUCLIDES--- 8 10 14 16
E ?1!ETILE NUCLIDES--- 6 .- 9 -17 15 ..
INTPRMEDIATE NCLIDES--- 7 13
0 THP R NI C LI DSS- 11 1 -A M 12 0 21
STRUCTURAL NUCLIDES--- 26 27 31 32 33 34 35 37 38 39 45 46 47
SP!CIAL NUCLIDES--- 1 2 . 3.- 5 23 .
FISsION PRODUCT NUCLIDES--- 48 49 50' 51 52 53 54 55 56 57
CORE STORAGE DIFFERENCE (WORDS) EQUATION CONSTANTS I/0 INSTEAD OF STORED 35058
EQUATION CONSTANTS WILL BE STORED IN CORE
NUMDER OF---OLUMNS, POWS, PLANES, GROUPS, UPSCAT, DOVNSCAT, REGIONS, AND ZONES 11 19 20 3 0 24180 32
MERONY LOCATIONS RESERVED FOR DATA STORAGE--- 118000
MEIORY LOCATIONS USED POR THIS.PPODLM------ 13319-
E.1ORY LOCATIONS NOT USED----------------------- 4681
- **********WARNING********** INPUT SPECIFIED DOWNSCATTER - 2 HAS DEEN CHANGED TO ACTUAL DOVNSCATTER 1
ZONE MACROSCOPIC CROSS SECTIONS
ZONE NAME GRP D SIGR SIGA NUSIGF DSQ POWER/rLUX
c _C ___. 1 _ 1.62,8200 3j, 28883-02__1.090961-03.-2.00322L-03-0.0 2.607172-14 '
2. 8.34367E-01 6.27993E-02 1.967693-02 3.05681E-02 0.0 4.025913-13
E __-_-_-_-_- 3-- .2.62836E-01._0,0.___- -2.05109v-01 3.95271E-01- 0.0 5.221401-12
2 H20+AI, 1 1.75611E+00 4.09290?-02 1.72222E-04 0.0 0.0 0,0
2 8.22862E-01 7.34039E-02 1.16531E-03 0.0 0.0 0.0
3 2.49859E-01 -0.0 1.8 1103E-02- 0.0 _-..___..0.0 0.0
3 CORE 1 1.61766E+00 _3.36421E-02 - 1,08494E-03 2.01097E-03 0.0 _2.62119E-14
2 .34613E-01 6.21418E-02 1.96273E-02 3.00778!-02 0.0 4.01401E-13
3 2.62836E-01 0.0 2.05109E-01_3.9527180L. 5.22.140E-J2
__CORE __ _1 1.78490E+00 .3.38145E-02 1.090287-03 3.0134Pr-03 0.0 2.62407!-14
2 8.35597E-01 5.91986E-02 1.93564E-02 3.00'6E-02 0.0 3.95170E-13
__j. 3.05314E-01 0.0 -. ..- 1.70584E-01 3.26725E-01 0.0.. 4. 315938- 12
5 CORE 1 1.79755E+00 3.329248-02 1.0913GE-03 2.008871-03 0.0 2.613802-14
\.n
C
2 8.35722E-01 5.94504E-02 1.93690!-02 3.00358!-02 0.0 3.955811-13
1 3- 032352-001-0..0 1-723 17-0.1..3. 30777z- 0t_0.0 4.369462-12
6 _-COlt? 1- I.63257!t+00 .3.25618Ef-02_-J. 08839!-L03 - 1.99930!-03 . . 26 421
2 8.34845E-01 6.164311-02 1.95829!-02 3.039601-02 0.0 4.003251-13
i ? 62367-01 0.0 7 5.9-0-1 95771-1 - -2714 0-17
- - ? D20+920AL 1L1.430731+00- 2.27943E-02..8.27860!-05 0.0 . . . 0.0 0.0
2 1.20494E+00 2.13851!-02 1.05995E-05 0.0 0.0 0.0
3 7.70232E-01-0.0 ._. . -.- 1.76033E-04 - 0.0 - 0.0- 0.0 ----
a PR 1 1-72041- O.
2 9.08600E-01 3.835381E-04 2.837992-04 0.0 0.0 0.0
1. 9.08926E-01 0.0, 1.59160E-03 0.0 - - .00.0._ 0.0 -
9-_CD+ ___L .2.23690E+00 + -3.69546E-04 4.44285E-02 0..0 .- .0.. 0.0 -
2 2.25806E+00 4.26557E-04 1.07653 E-C1 0.0 0.0 0.0
9 0 2OE-o0DD -Q _ .6 4.73.It+.04.-0. 0.0 .0.0
S 120.-.1 , 1 -2.65500+00 -+0.3.71354E-04. 1 71999!:-04 0.0 0.0 0.0-
2 4.01942E+00 5.72155E-04 7.425761-04 0.0 0.0 0.0
E3. 60168E+00 0.0 -9.52056E-03 0.0 0.0 - .. 0.0
11 At. 1 2.66638e+00-3.99504-0LJ.975 04. . 0. 0 . , 0.0
2 4.01738+00 6.03565E-04 8.94777E-C4 0.0 0.0 0.0
__3.46091E+00...0.0 - 1.46606!-02 0.0 _ _ ,D.0 .0.0-
12-D20 -1 2.71624E+00 4.944521-04 _2.20117E-C4 0.0 . 0.0.......... 0.0... -
2 4.01476E00 6.78912E-04 1.02169Z-03 0.0 0.0 0.0
3 3 46 09!E+ 00-0.0 - 59357-20. 0.0
13 CORR . 3 1.78164E+00 3.49311E-02 1.09921?-03 2.02727!-03 0.0 2.64114 -14
2 8.36273E-01 5.744051-02 1.92940!-02 2.98306E-02 0.0 3.92862E-13
3 3.05314E-01- 0.0 1.70594E-01 3.267251-01. 0.0 4.31593E-12
1 CORR . 1 1.79914?400 3. 36473E-O j.07665 03-2.01382E-03 0.0 2.61699-.4
2 9.07887E-01 5.94802E-02 1.94206E-02 3.009071-02 0.0 3.96303E-13
3-.3.05314E-01 0.0 1.705840-01-3.25725r-01 0.0 4.315921-12
15-JALLQ. 1-1.42966*00 .1.012601-01 1.55308E-04 0.0 -- 0.0. .0.0
2 8.09527E-01 1.08839E-01 1.56547L-03 0.0 0.0 0.0
3____ -?,40_____0.859'-0L0 a1  0 7000  0. 0
F -16_ 1__._ 1. 29301*00 9.164901-03 0.0 .0.0 0.0 0.0
2 9.08544E-01 1.02291E-02 8.47568E-06 0.0 0.0 0.0 -
3. 8.47624E-01 0.0 _.2.492861-04 0.0 _ .0.0 0.0
17 AL+p2Q I 1.91839E-0_7,53674E-03 1.72139E-04_0.00.0 0.0
2 1.84655E600 9.70257E-03 5.52131E-04 0.0 0.0 0.0) 1.27290E#00 0.0 _ 8.27121E-03 0.0 0.0 0.0
18_ Ji20 1 1.39896E#00 7.46055E-02 1.554544-Cu 0.0 0.0 0.0
2 4.52630E-0^ 1.62952E-01 1.41556E-03 0.0 0.0 0.0
1.28445E-01 0.0 2.046621-02 0,0 0.0 0,0
19 L+520 1 1.37749E+00 7.910922-02 1.43090E!-04 0.0 0.0 _ _ 0.0
2 4.79085E-01 1.46323!-01 1.34474E-03 0.0 0.0 0.0
3 _ 1.36227E-01 0.0 2.00560E-02 0.0 0.0 0.0
20 H20 1 1.24040E+00 9.345981-02 1.204772-04 0.0 0.0 0.0
2 4.53494E-01 1.54211E-01 1.35534E-03 0.0 0.0 0.0
_ 3 _1.28445E-01 0.0 2.046621-02 0.0 0.0 0.0 --
21 ff20 I 1.24195E+00 9.06743E-02 1.16636E-04 0.0 0..0 0.0
2 4.54609E-01 1.449831-01 1.299132-03 0.0 0.0 0.0
3 1.28445E-01 0.0 2.04662E-02 0.0 0.0 0.0
J
\1
\i.1
72-C.0!.ELn-U0 12..4021 2!+00-..72503-0.....09647!-03_.2.0 1382!-03 -0.0 -.2. 61899-14 -
2 3.09836E+00 1.23471!-02 1.933!51-02 3.00907!-02 0.0 3.963032-13
3 7 -91 4 4 4 Z-01-0.,0. 16 9 7 361- 01. - 3. 2 67 2 5E-01t-0.0 - 4 . 3 1593 Z-.172
23 CQmt.t-R20 1 2.19906E+02.6..949.EM1 1.32305 O 012.00587iZ-.01 0 - .. 7-6 138-14
2 2.06529E+00 1.23451E-02 1.92850E-02 3.00358E-02 0.0 3.95581E-13
3 7.94068E-01_ 0.0 .-..-1 71244E-01 .. 3.30777E-0 1 0.0 4.36946t-12
74--ALARi20 t.-1.36900E+00-.7.13763E-02-.1.32019-04 .. 0.0 0.0_0.0
2 4.98802E-01 1.30121Z-01 1.24397E-03 0.0 0.0 0.0
1 1 42130Z-0.10 0 1 96944!-07 0 0 0 0 0 0
75 kL+D20.Y01X 1-...2.6 4 72 2Eo00_ 9. 13870E-03 5.39080E-05 - 0.0 0.0 0. 0
2 2.37527E+00 8.44473Z-03 1.02350E-04 0.0 0.0 0.0
I _ _ L .64809Et0O.-.0.0 .1.I44756E-03 0. 0 .00.._ .0.0
7t 25aW22-tn T v0 1 1.993771+00 1.43 169Z-07 -6.3 69972!-05-,D 0 0.0 n
2 1.73227E+00 1.32244E-02 5.72214E-05 0.0 0.0 0.0
1 1.15862E *00....0.0 .. 8.17563E-04...0.0 .0.0 - -. 0 ..
7 0 6.39779E+00 -1.25266E-04. 3.46693E-05. 0.0 - 0.0 0.0
2 6.93563E+00 1.24372E-04 1.699948-04 0.0 0.0 0.0
I __43479_+___0_0_______3_07__-_ _ 0 0 n
2C__L+D203L0 1. 2. 43792E+00 1.04900E-02 5.65631E-05 0.0 0.0 0.0-
2 2.165311!00 9.69207E-03 9.10700E-05 0.0 0.0 0.0
A 1.48433E+00-0.0 . 1.29014E-03. 0.0. 0.0 _ _ 0.0
29 A11.+Toy701 1 1.63227E400_.6.84727E-03 3..86!975E-05-0.a0 . n.O .o -0
2 3.24308E+00 6.32732E-01 6.82620E-05 0.0 0.0 V.0
1.-2.23666E+00.-0.0 . 9.66131Z-04 0.0.___ 0.0 -0.0
0ALLD20At.YDIL 1-.2.25930E+00....1.18413E-02-5.92183E-0i. 0.0 0.0 0.0
2 1.98945E+00 1.09394E-02 7.97902E-05 0.0 0.0 0.0
3 1 1 + . - - 132729-01 0.0-0.00.0
31-AT.+D20+3ID I-2.05519E+00-..1.36454E-02-6.35273E-05- 0.0 - 0.0 0.0
2 1.79384E+00 1.26049E-02 6.85279E-05 0.0 0.0 0.0
-3-1.20426E+00-0.0 9.75963E-04. 0.0 0.0. .. 0.0 .
32 At*.+D20+TOI .1 1.71279E+00__1..76987E-02-3..14901E-053-0.0 0j.0 0.0
2 1.47079E+00 1.634632-02 1.460a11-05 0.0 0.0 0.0
_____________ 3 .9.69772E-QL0.0 5...0 3713E-04...0.0 ___ 0.0. ... -. 0.0__________C. 3
E _ _ _ _ _ _ _ _ _ _ _ _ _-- _ _ __ _ _ _ __ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ '
.T1w, RVIZ±TYLTW VT?? eR now- nv 2DVR - 1 fl T.T F3S
ITERATION FLOr CHANGE BETA a0-1 IS0-2 MU-3 K
1 .___3.05534E+00 1.00000 -.6.11068 .-2.00000--.0.0 - 0. 331336
2 4.84941!+00 1.87832 6.43660 0.0 1.01450 0.788224
____ 3___3 2.84667+01 _ 1.78304 34.33679 0.00327..- 0.05753 --- 0.730443
4 3.65217E+01 1.71492 37.80672 0.01874 *6.15784 0.843134
4. 416655E+01 1 66913 4.55817 .01031 .253571 .8Pil8A
6 3.61814E+00 1.64014 4.43389 0.01046 0.76330 0.884547
Z___ _ .7_ 1.91502E+00 --- 1.62199 2.44427 0.110!8.. 0.23347 0.891008
8 6.60938E-01 1.61090 1.00(07 0.1205'0 1.04032 0.903691
S __ _ 9 __..2.67517E-01 1.60420 - 0.67227 0.41105 0.29671 0.910700
10 2.69360E-01 1.60018 1.27625 0.41565 0.38630 0.917020
11 -1. 65894Z-0_1 -1-59777 -0. 78178 -029.291 10.. 46092 0 921799
12 -7.96422E-02 1.59634 0.40044 0.91126 2.59321 0.925850
13- - -6.93774E-02 1.59548 0.80174 0.91863 1.46474 0.929189
14 -5. 98297F-02 1.59498 0.80255 0.92161 1.21206 0.931997
E_ 15 .. 5.10637F-02 1.59467 0.80242 _ 0.92691 1.11407
-3. 43908E-01 EXTRAPOLATION WITH 6.3892 0.949921
.e 16 2. 93427F-02 1. 00000 .-054529 1. 00941 6. 90737 0. 949712
17 3.30458E-02 1.59439 1.15925 1.14179 0.18030 0.949921
18 - 2.724933E-02 1.59433 0.851M4. 0.72659 . 0.90569 0.948R70
19 2.29203f-02 1.59429 0.86428 1.03710 0.98407 0.948617
- 20 .1. 87790E-02 . 1.59426 0.U3787 0.73166- 0.93226 0.940401 
21 1.51134F-02 1.59425 0.82373 0.q2566 0.91769 ,0.949204
_? 1 Z.C 2.E-.Z-1 .. q2 23_92E-0L . 594 4 0.82 102 0.R995595-0.91102 0.949043 
23 -1.13478?-02 1.59424 -0.92877 -0.81700 0.91206 0.947910
24 1...0-1.05920!-02 1.59424 0.92281._ 0.83137 . 0.91250 0.9478 33 I
25 -9. 876 19E-U3 1.59423 0.92254 0.83299 0.91441 0.947713
26 -9.20129 -03 1.59423. 0.92246 .. 0.88406 .0.91610 0.947638
27 -8.56197E-03 1.51423 0.92196 0.95807 0.91737 0.947575
78 -7.95221 F-031 1.59423..-0.92083 - 0.95245__-_0. 91V57. 0.947520
29 -7.37331-03 1.59423 0.91983 0.94971 0.92015
-1.064 11E-01 __ IEXTRAPOLATIO WITi- . 14.3302 0.946767
30 2.51007F-03 1.00000 -0.33792 -0.33020 14.23882 0.946795
.31 -4.07819E-03 1.59123 . -1.62869. -1.50571 -0.01266 0.946842
32 -3.441319-03 1.59423 0.84036 0.72A78 0.85690 0.94340
3 27517 E-03-1. 59423_-0..8.Q 0156 .1. 153852-_0. 934 16_-.0. 946048
34 -2.49046E-01 1.59423 0.03459 0.84727 0.91308 0.946852
c _ _ 35 -2. 04962E-03 1.59423 .0.82094. 0.74614 0.89631 0.946856
36 -1.692538-03 1.59423 0.82408 0.93098 0.88330 0.946857
S 37 -1. 40107E-03 _ 1.59423 0.82639 -- 0.93085 0.89126 0.946857 -M
38 1.23405E-03 1.59423 -0.87956 -0.87106 0.88373 0.946854
39 .L12508-03 1.59923 _0.92695-_0.3052---0.88997 0.946151 _______________________________
40 1.05476!-03 1.59423 0.92426 0.83170 0.80593 0.946847
5______41 9.70840E-04 1.59423 0.92140 0.83161 0. 88955
6.8,1442-03 0XTRAPOLATION WITH 7.0977 0.946113
E___42 1.04904?-03 - 1.00000 1.08160 0.94558 . 7.11988 0.946910
43 4.66347E-04 1.59423 0.44501 0.37197 0.01314 0.946809
44 3.20064E-04 1.59423 0.70380 1.09599 _.16551 0.946804
END OFEIGENTALUE CALCILATION - ITERATIN TIM? 1.683 MINUT S
CONVERGENCE INDICATIO_B MINIMIZING TOE. SU.M OF THE S2UARES OF THE RESIDGES - RELATITE_ABSOPPT10_0,9999976_ 0.9467986
1EAKAGE 9.104888+15 TOTAL LOSSES 2.001032+17 TOTAL PPODUCIONS 1.89458!+17 REACTOR P
ATERAGE FLUXES BY ZONE AND GROUP _
ZONE I--CORI
\/1
\-n
I 1.04827E414 4.27342+'13 4.30267E+132ONE 2--H20+At
.9.33460f+.12 55490Et17 1 6i9734'+1-
1OJmm J- tg VP
1.7)084!!14 6.62549E+13 3.02675E113
21ZN 4--CORE
1.8752S+14-6.7922Q 13 . 1079Ei11
7.0sr-5--c0R z
1.51612E+14 5.62903E+13 2,07228E+13
ZONE 6--CORE
1.07254Etl4 -4.20585!+13 7. 0AA69!7+13
20NE -- 7-- -170 +a2?+, A7
2.97409E+12 3.60018E+12 3.99525E+13
ZOE 8--PO
3.26098!+13 1.29347E+13 1.695561+03
ZONE 10--AL
1__ .6511277+14.6.73581E*13 .5587A.13
7.07611E+13 3.07892E+13 2.610123+13
20ME 12--D20
0. _ _J.0_-~ n._____________
ON 13--COR__ _ _
5.59766E+13 2.09728M+13 4.63760E+12
20E 14--CORE
-- 4.59007E+13-1.7454+-1_.5.196682+12
ZQNE-1l5--AL+ 1120
1.66182E+11 3.66578E+11- 1.19555!+13
ZCN2 16--C
-5. 27 52 1E + 09-L 21 27 0E10 -2..O003 52 +12
IONE 
1
7--AL*D20
5.54342E+13 3.48326E+13 9.47192E+13
ZONE 18--120
-4.27552+10 2.4.17901+1 -_2..158972+_11
0 It____!f 19-- AL'li100
8.31029?A10 8.256555E+10 2.696602+12
ZONE 20--H20
4.90031E+13 2.79871!+13 6.39491E+1) -
7OE 21--H20
5.43468E+13 2.94680E+13 5.1791332+13
ZONE 22--CORE+AL-.20
0.0 0.0 0.0
ZONE 23--CORELL-820
-1
\
emes~essak irism 6ed N0Ma l owill d')mWrwians
t
0.0 0.0 0.0
20!E 24--AL0 1120
2.16391LP#13 1.89629E*13 8.73931a!. 3
ZONE 26--AL+t120+YOID
- I.6433 1R412--5.756uM542 .0%.O532E.+3-
. 0-2- 7- AL,, Y 0I
1.25908!5+13 1.12388E413 6.59551E+13
t' ZONE5 28--hL*D20fvorD
.E____---1.692525.13 1.65211!+1-8.515381+13..
zZ--'29--AL+D20#YOID
.. 1.02731E+13 1.05S911+13 7.04352!#13
- ZONE 30--AL.D20+70ID
E -____ 5.25077!#12 .7.072l.1'2-7.01O1?3.13-.
70N3-.3l:: AL+D2Qt±Y 01D _________
9.680585.11 1.970083.12 a. 03061EO.13
ZONE 32--AkL'020.-Vor
_____1. 18902! 4,10-O 322200E*-0......I.9828d2.III.
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APPENDIX C
C
Computer Code GAMSCAN
U
C GAMSCAN
C CODE ANALYZING DATA FDOM GAMMA SCANS OF MITR2 FUEL PLATES
C EACH J CORRESECNES TC A PARTICULAR X AND Y.FCR EACH RUN(K) USE THE SAME
C POINTS (XY) IN THE SAME OBEER (J)
C PART 1.CORRECIICN OF DATA FOR BACKGROUND ANE ACTIVITY OF PREVIOUS IRRADIATIONS
REAL MULTMULNEW,NEWXNEWY
DIMENSION MF (14) ,LI (14) ,B (14) ,DT(15) ,P (14,7) ,X (14,67) , Y (14,67) ,
CXX (67) ,YY (67) , TI (14, 67) , C (14,67) , DE -LT (15--,15) ,T (14,14,67,7) ,
CMULT (14,67) ,SUBT (14,67) ,MUL(14,67) ,CCrACCU(14,67) ,RATIO(14,67) ,
CWIDTH (14,67) ,EKN (14,67)
C NO IS THE NUMEIR OF TIMES THE FUEL PLATE IS IRRADIATED
C A IS AN ARBITFARY REFERENCE FOWEE LEVEL,EG.,100 WATTS
C NZG IS THE NUMEER CF PLATES SCANNED IN EACH IRRADIATION
C MZS IS THE CONSTANT NUMBEF OF POINTS SCANNEE ON EACH IRRADIATION
READ (5,3CC)NONZGM25,A
3000 FORMAT (315,F7. 2)
C MP(K) IS THE NUMBER OF POINTS SCANNED IN THE KTH IRRADIATION
C II(K) IS THE SUMBER CF 10 MINUTE INTERVALS THE FUEL PLATE IS IRRADIATED
C B(K) IS THE AVERAGE BACKGRCUND FOR THE KTH SCAN
C DT(K) IS THE TIME BETWEEN IBFADIATIONSEG.,DT(3)IS THE TIME BETWEEN
C THE STARTS OF IRRADIATIONS 2 AND 3
C P(K,I) IS THE POWER LEVEL CF THE ITH 10 MINUTE IRRADIATION INTERVAL OF
C THE KTH IRRADIATION,EG.,P(1,2)=75 WATTS (USE SAME UNITS AS A)
C INDICATE THE FCWER LEVEL FCE 7 INTERVALS
READ(5,20) (MIP(K),LI(K),DT(K),(P(K,I),I=1,7),K=1,NO)
20 FORMAT(213,F7.1/7F8.3)
C XX(I),YY(I) ARE THE X AND Y COORDINATES OF THE ITH POINT
READ(5,3001) (XX(I),YY (I),1=1,MZS)
3001 FORMAT(10F8.4)
C X(KJ) IS THE DISTANCE ALONG THE LENGTH FRCM THE LEFT LOWER CORNER OF THE
C FUEL PLATE TO THE JTH PCINT CF THE KTH IBRPEIATION IN INCHES
C Y(K,J) IS THE DISTANCE ALCNG THE WIDTH FROM THE LEFT LOWER CCRNER
C TI(K,J) IS THE TIME BETWEEN THE START OF THE KTH IRRADIATION AND THE
C MIDDLE OF THE CCUNTING OF THE JTH POINT
C C(KJ) IS THE CCUNTS/MINUTE FECORDED AT POINT J FOR THE KTH IRRADIATION
DO 3002 JZZ=1,NZG
co
%0
WRITE(6,3004) JZZ
3004 FORMAT (1H1,'THE FOILCWIbG DATA IS FOR ELATE NO.A,13)
DO 32 K=1, NC
N=MP (K)
DO 3003 II=1,MZS
X (K, II) XX (II)
3003 Y (K, II)=YY (II)
READ(5,3C0 5) E (K)
3005 FORMAT(F8.2)
R E AD (5,f310) ('11 (KvJ) ,C (K ,J) ,J= 1,N)
30 FORMAT (F7. 2,9F8. 2)
DO 31 J=1,N
31 WIDTHi(KJ)=C.5
32 CONTINUE
C DELT(L,K) IS TBE TIME DIFFEFENCE BETWEEN THE STARTS OF IRRADIATIONS L AND K
DO 35 L=1,VC
35 DELT(LL)=C.0
IL1=NC- 1
DO 40 L=1,L1
L2=L+1
DO 40 K=L2,NO
M=K-1
40 DELT (L,K)=ELT (L, M)+DT (K)
DO 101 L=1,NO
DO 101 K=L,NC
N=,MP(K)
DO 101 J=1,N
R=10.f)
N1=LI (K)
DO 101 I=1,N1
C T(L,K,J,I) IS THE DIFFERENCE IN TIME BETWEEN THE SCAN OF THE JTH POINT OF THE
C KTH IRRADIATICN ANE THE ITH 1C MINUTE IRBRAIATION INTERVAL OF IHE RTH
C IRRADIATICN
T (L, K,J,I) =LELT (t,K) +TI (E~ ,3) -R
R=R+10.0
S=T (L,K,J,I)
"I
'0
0
CIF (S.GT.
IF (S.LE.
IF(S.GT.
IF (S.GT.
IF (S.GT.
41 IF(S.GT.
IF (S.LE
IF (S.GT.
IF (S.GT.
IF (S.GT.
IF
42 IF
IF
IF
IF
IF
IF
(S . GT.
(S.GT.
(S. LE.
(S .GT.
(S. GT.
(S.GT.
(S. GT.
13C.C) GO TO 41
115.0)U=1.1817+0.08*(
115.0.ANDS.LB.12C.0)
120.0.AND S.LE. 125.')
125.0 .AND S.LE.130.0)
19C
.13
130
140
15C
.C)GC TC 42
0.0)GO' TO 100
.0.AND.S.
.0.AND, S.
C . AN D .S.
180.0.AND S.
285.C)GO TO
190.0)GO TO
190.C.AND.S.
21C. C.ANE.S.
241.0.AND.S.
261.0.AND.S.
43 IF(S.GT.44C.C)GO TO
IF
IF
IF
IF
IF
44 IF
IF
IF
IF
IF
IP
45 IF
IF
IF
IF
IF
IF
46 IF
(S. LE.
(S.GT.
(S. GT.
(S.GT.
(S.GT.
(S. GT.
(S.LE.
285.
285.
330.
360.
38C.
68C.
440.
LE
LE
LE
LE
43
.140
.150
.1 8C
,19c
.0)
.0)
.0)
.0)
100
LE.210.0)
LB .241.0)
LE.261.0)
LE.2E5.0)
44
C)GO TO 100
0. AND.S.LE.330.0)
O.AND.S.LE.36C.0)
0.AND.'S.LE.380.0)
0.AND.S.LE.44C.0 )
C)GC TO 45
C)GO TO 10C
(S.GT.44 .C.AND.S.LF.500.0)
(S.GT.500.C.AND.S.LF.560.0)
(S.GT.56C.C.AND.S.LE.620.0)
(S.GT.62C.0.AND.S.LE .680.0)
(S.GT.19L4C.C)GC TC 46
(S.LF.680.0)GC TO 100
(S.GT.68C.C.AND.S.Lf.74C.0)
(S.GT.74.0.AND.S.LE.1340.rC
(S.GT.
(S .GT.
(S.LE.
134C.
158C.
1940.
C. AND
C. AND
0) GO
. S.LE
.S.LE
TO 1C
115.
U=1.
U=1.
U=1.
U=0.
Uj=0.
0=0.U= 0.
U=0.
U=0.
U=0.
U=0.
0=0.
U=0.
U=0.U=0.
.
U=0.
E=O.
0=0.
t '
0-S)/5.C
1045+0.0772* (1
0474+0.0571*(1
0+0.0474* (130.
20.0-S)/5.
25.0-S)/5.
0-S)/5.0
0
0
88366+C.11634* (140.0-S)/10.0
79472+C.08894*(150.0-S)/10.0
61252+C.18220*(180.0-S)/30.0
5592+0.05332* (190.0-S)/10.C
4767 1+0.0825* (210.0-S) /20.
394C3+C.0827*(241.0-S)/31.
34452+0.04951* (261.0-S)/20
3C186+0.04266* (285.0-S)/24
24824+0.05362*
21712+C.03112*
20225+0.01487*
16830+0.03395*
15137+0.
13356+0.
12456+C.
11 429+C.
(330.
(360.
(380.
(440.
0-s)/45
0-S)/30
0-S)/2)
0-S)/60
0
0
.0
.0
.0
.0
.0
.0
01693* (500.0-S)/60.0
0178 1* (560. 0-S)/60.0
009* (620.0-S)/60.0
01027* (680. 0-S)/60.0
U=0.10734+C.00695*(740.0-S)/60.0
)U=0.C635+C.04384*(1340.0-S)/600.0
.1580.0)U=0.0499+0.0136*(1580.0-S)/240.0
.1940.C)U=0.04119+C.00871*(1940.0-S)/360.0
0
H
! m 4--- - - -- 7 ko"6,-,16"OwAwh"K ..... tlo-
IF (S.GT. 1940.0. AND.S. IE.2EC5.0C) U=0.02299+0.0182* (2805.0-S)/865.0
IF (S.GT.2805.0. AND. S.LE. 3254.r0) U=0. 01859+C.004s* (3254.0-S)/449.0
IF(S.GT.3254.C.AND.S.E.4286.C)U=0.0136+0.00499*(4286.0-S)/1032.0
IF(S.GT.4286.C.AND.S.L.5880.0)U=0.00783+0.00577* (5880.0-S)/1594.0
I(S.GT.588C.C.AND.S.LE.7260.C)U=0.00616+0.00167*(7260.0-S)/1380.0
IF(S.GT.726C.0)U=P.00431+0.)00185* (10140.0-S)/2880.0
100 CONTINUE
IF (U. LE. C. G) U=0.00001
101 T(L,K,J,I)=U
BACK SCATTERIEG CORRECTICN ECUTINE
DO 4000 K=1,NC
DZB=0.0
DO 4000 J=1,MZS
DZB=DZB+1.0
IF(DZB.GT.12.0.
IF (DZB.GT. 15.C.
IF(DZB.G'I. 18.0.
IF (DZB.GT. 21 .C.
IF (DZB.GT. 24.0.
IF (DZL.LF. 12.0)
IF(DZB.GT.12.0.
10.49*(ZR-12.0)
IF (DZB3.GT. 27.0.
IF (DZB.GT. 54 .C.
IF(DZB.GT.57.C.
IF(DZU.GT.601. 0.
IF (DZB.GT. 63.0.
4000 CONTINUE
AND.DZB.LE.15.0)DZR=15.0
AND. DZB .IE .18.0)
AND. DZB.LE. 21. 0)
AND.DLZB .IF .24. C)
AND. DZE.LE.27. 0)
3KN (K,J)=0.8*B (K
AND. DZB.LE. 27. C)
/15.0)
AND. DZB.LE .54.0)
AND.DZP.LE.57. C)
AND. EZB .IE.60.0)
AND.DZE.LE.63.0)
AND.CZB.LE.67.C)
DZ R=18.0
DZR=21.0,
DZ R=24 . 0
DZR=27.0
)
BKN (K,J)= (K)* (0.8+
BKN (KJ) =1.29*B(K'
BKN (9,J)= .224B (K)
BKN(K,J) =(K)
BKN (KJ) =0.65*B (K)
BKN (KJ) =0 .56*B (K)
ULT(N,J) IS THE DECAY FACTCE FOR THE NTH IRRADIATION
SUBT(K,J) IS THE ACTIVITY DUE TO PREVIOUS IRRADIATIONS AND WILL BE SUBTRACTED
N=MP (1)
DO 105 J=1,N-
105 SUBT(1,J)=0.0
DO 140 K=1,NC
~0r')
)
C
C
C
C
C
N3=MP (K)
DO 140 J=1,N3
KA=K-1
IF(KA.EQ.0)GC TO 125
SUBT (K,J)=C.0
DO 120 M=1,KA
N=K-M
MULT(N,J)=0.0
N99=LI(N)
DO 110 1=1,N99
110 MLT (N J) =YULT (Nl,J) + F(N I) /A* 7(N Kr JI)
120 StJT (KJ)= (CRCOU(NJ) *MUL (NJ ) /LI(K) 4SUBT (KJ)
C MUL(K,J) IS THE DECAY FAC7CR FOR THE KTH IRRADIATION
C CORCOU(KJ) IS THE CORRECTEE COUNTS PER MINUIE FOR THE JTH POINT
125 MUL(KJ)=0.0
CXS=SUbT(K,J)
IF(CXS.GT.0.001)GO TO 3015
SUBT(K,J)=0C.001
3015 N4=LI(K)
DO 130 I=1,N4
130 MUL(K,J)=MU1I(K,J)+P(K,I)/A/T (KK,J,I)
COBCOU(K, J)=(((C(K, J)-EK(K, J))-SUBT(K, J))*MUL(KJ))/LI(K)
CXR=CORCOU (<,dJ)
IF(CXR.GT.1.C)GO TO 140
CORCOU(KJ)=1.0
140 CONTINUE
C PRINT GUT MEASURED POWER LEVEL FOR COMPARISON
WRITE (6,145)
145 FORMAT(1H1)
WP IT E (6, 15 C) (K, (P(KI) ,=1,7) ,K=1,NC)
15C FORMAT(25HCMEASURED PONER LEVELS K=,12//1H ,7P8.3)
CORB1=1000.C
DO 155 K=1,NC
N6=MP(K)
DO 155 J=1,N6
155 RATIO(K,J)=CORCOU(KJ)/CCR1
U'io
(AJ
C PRINT OUT THE CORRECTED rATA POINTS
DO 156 K=1,NO
N7=MP(K)
WR ITE (6, 16C) (JZZ,, J,X (KJ) ,Y (KJ) ,BATIO (KJ) ,CORCOU (K,J) ,
1C (KJ) ,SUBl (KJ) , BKN (K,J) ,J=1,lN7)
160 FORMAT(1111, *CORRECTED EATA PCINTS',//,lf ,2X,'P.N.',4X,'Klf
14X,0' "J' ,4X,'I X (KJ) I, 4X,$Y (NKJ) I',4X ,' RATIC (KJ) I, 4X,
2'COPCOU (KJ) ',4X,'C (KJ) ,7X, 'SUBT (K,3) ',6X,' BKN (KJ) ' ,//
3 (1H,2X,I2,,3XI3,3X,I3,3XF7.3,3XF7.3,t4XF8.3,6XF9. 1,7X,
4F8.2,6XF8.2,5XF8.2))
WRITE (7,40C1) (COPCOU (K,J) ,J=1,N7)
4001 FORMAT(1OFe.2)
156 CONTINUE
3002 CONTINUE
STOP
END
%0
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APPENDIX D
Computer Code COREFAC
C COREFAC
C
C CODE USING GAMSCAN DATA TC DETIRMINE CCRE PEAKING FACTORS
C
DIMENSION COB(14), X(67) ,Y(67) ,NWT(14,5) ,CCRRAT (14,67) ,UNIT (67) ,
$CTAR (67) ,PTRAT (67),PLTAVG (14,5),PLTWT(14,5),PLTRAT(1l4,5),ARWT (67)
C
C INPUT SECTICN
C
READ (5,1 C) NCNZGMZS
C NO IS THE NUMBER OF IRRADIATICNS PERFORMED
C NZG IS THE NUMBER OF PLATES SCANNED PER IRRArIATION
C MZS IS THE NUMEF OF PCINIS SCANNED PER PLATE
10 FORMAT (315)
READ (5,15) (COB(K),K=1,1C)
C COB(K) IS THE CCBAILT FOIL CCUNT FOR THE KTH IRRADIATION
15 FORMAT (10F8.2)
SMCOB=9999999.
DO 17 K=1,NC
17 IF (COB (K) .IF .SMCOB) SMCCB=COB (K)
C SMCOB IS 7HE SMALLEST COEALT FOIL COUNT
READ (5,20) (X(I),Y(I),I=1,MZS)
C X (I),Y(I) ARE THE X AND Y CCCFDINATES OF TEE ITH POINT
20 FORMAT (10F8.4)
READ (5,22) ((NWT(KJZZ) ,JZZ=1,NZG) ,K=1,NO)
C NWT(K,JZZ) IS THE WEIGHTING FACTOR FOR THE JZZ PLATE IN THE
C KTH IRRADIATICN
22 FORMAT (10I)
READ (5,23) (ARWT(I),I=1,MZS)
C ARWT(I) IS THE EFFECTIVE AEEA OF THE ITH PCINT
23 FORMAT (1CF8.5)
C
C FA CALCULAT.ICN
C
DO 20n. JZZ=1,NZG
DO 100 K=1,NC
\.n
\0
C- Jov
READ (5,30) (COREAT(K,J),J=1,vMZS)
C CORRAT(KJ) IS THE CORRECTEE COUNTS FROM GAMSCAN FOR THE
C KTH IRRADIATICN ANE THE JIH POINT
30 FORMAT (10E8.2)
SUM=0. 0
C
C COBALT FOIL CCERECTICN
C
DO 45 J=1,MZS
CORRAT (KJ) =CCRRAT (KJ) * (SMCOB/COB (K))
UNIT (J) (CCERAT (KJ) )/(.5*. 125)
C UNIT(J) IS THE CCUNT PER UNIT AREA FOR THE JIH POINT
CTAR (J) (UNIT (J)) *ARWT (J)
C CTAR(J) IS THE NUMBER CF CCUNTS FOR THE JTH POINT
SUM=SUM+CTAF (J)
45 CONTINUE
PLTAVG (K,JZZ) =SUM/45. 504
C PLTAVG(K,JZZ) IS THE AVERAGE COUNT PER UNIT AREA FOR THE
C JZZ PLATE IN TH.E KTH IFRALIATION
DO 47 J=1,MZS
PTRAT (J) =UNIT (J) /PLTAVG (KJZZ)
C ETRAT(J) IS THE RATIO OF THE COUNTS AT THE JTH POINT TO THE
C PLATE AVERAGE COUNTS
47 CONTINUE
WRITE (6,50) (JZZ,K,X(J) ,(J) ,CORRAT(KJ),UNIT(J), ARWT(J),
$CTA R (J) , PT E A T () ,J=1, MZS)
50 FORMAT (1H1,5X,'PLAiE NO',2X,'K',5X,'X',8X,'Y',9X,'CCRRAT',gx,
$'UNIT',5X,'AREA WT',5X,'CTAR',9X,'PTRAI',//(7XI2,6XI2,3X,
$F7.3,2X,F7.3,2XF9.1,4XF9.1,4XF8.5,4XF9.1,4XF7.4))
WRITE (6,55) JZZPLTAVG(KJZZ)
55 FORMAT (5X,'THE AVERAGE COUNTS FOR PLATE NO 9,12,' IS ',F9.2)
100 CONTINUE
200 CONTINUE
C
C FR CALCULATICN
C
\A
SUMM=0.0
DO 400 K=1,NC
DO 300 J22=1,NZG
PLTWT (K,JZZ) = (PLTAVG (K ,JZZ)) *(NWT (K,JZ2))
C PLTWT(KJZZ) IS THE AVERAGE COUNTS FOR THE JZZ PLATE IN THE
C KTH IRRADIATION MULTIFLIEE BY THE WEIGHTING FACTOR CF
C THE PLATE
300 SUMK=SUMM+ITWT(KJZZ)
400 CONTINUE
CORAVG=SUMM/360
C CORAVG IS THE CCUNT FOR THE AVERAGE PLATE IN THE CORE
DO 450 K=1,NO
DO 420 JZZ=1,NZG
420 PLTRAT(KJZZ)=(PLTAVG(F ,J22))/CORAVG
450 CONTINUE
WRITE (6,460)
460 FORMAT (1H1,'THE FCLLOWING DATA IS FOR IHE WHOLE CORE')
WRITE (6,470)
470 FORMAT (3X,'IBR NO',3X,'PLATE NO',8X,'PLATE AVG',3X,'WEIGHT ',$'FACTOR',6X,'PLATE RATIC')
WRITE (6,48C) ((KJZZPLTAVG(KJZZ).NWT(KJZZ),PLTRAT(KJZZ),
$JZZ=1,NZG) ,K=1,NO)
480 FORMAT (4X,12,9X,12,9XF9.1,9XI3,9X,F8.4)
WRITE (6,500) CORAVG
500 FORMAT (2X,'THE AVERAGE CCUNTS FOR THE WHCLE CORE IS ',F9.2)
STOP
END
\0J
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APPENDIX E
MACABRE Computer Code Output for
Element in Position A-2 in Core I
Reactor Power = 5.0 MW
Primary Coolant Flow = 2000 gpm
Inlet Coolant Temp. = 116.00 F.
Nominal Fuel Channel Dimensions
NITR2 TEMP DISTRIbUft CORE 1 A-2
INTEGER ARRAY
1 64 16. 1 -. 64 0. -_____
FLOATING POINT SINGLE VALUE ARRAY
0.0 2.78860+00 . .29000-0 2.29000-01 2.00000-02 2.00000-02 .00000-04 3.00000-02
0.0 0.0 1.16000.02 0.0 1.10400.01 1.00000+00 1.O0000+00 .00000-01 z
5.00000-01 5.00000-01 A000-01 2.00000400 1,46400+05 1.20000+03 ~.20000+03 1.90000.00
5.00000-0 1560000 4.430002 6.906003 7.78006 01 2.40000s0L 0.0 0.0
0.0 c.o 0.0 0.0 0.0 0.0 0.0 0.0
0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0.0
0.0 0.0 0.0 00 0.0 0.0 0.0
.PULN ARRAY
1.90000+00 10.90000+00 1.90000+00 1.90000.00 1.90000+00 1.90000+00 1.90000+00
1.9000000 1.9000010 .90000Q. L.900000 .9000. 0. 1,,9000009.. 1.90010 iD.0
FLOATING POINT ARRAY DATA
30 1 0 1 1 5.0000 0-02 0 3 i 3.66000-OI 20?
30 1 0 4 1 5.24000-01 0 5 1 6.82000-01 0 6 1 0.40000-01 205
30 1 0 7 1 ,..a000-01 0 8 a 1 1.15600+00 0 9 1 1.31400+00 209
30 1 0 10 1.4200.00 0 11 1 1.63000+00 0 12 1 1.780000 210
30 1 0 13 1 1.it00+00 0 14 1 2.10400+00 015 1 2.26200000 212
30 1217 0 1 1 .2000-01 0 2 1 2.78000-01 0 1 4.36000-01 213
30 1217 0 4 1 5.94000-01 0 5 1 7.52000-01 0 6 1 9.10000-0 214
30 1217 0 7 1 1.I6no.00 0 8 1 1.22600+00 0 9 1 1.38400+00 215
30 1217 0 10 1 1.54200+00 0 I1 1 1.7C000+00 0 12 1 1.85800+00 216
30 1217 0 13 1 2.01600+00 0 14 1 2.17400+00 0 55 2.33200+00 217
20 2433 0 0 1 2.96000-02 0 0 4 5.2100D-02 0 0 0 0.0 2i8
20 2497 0 1 0 1.24300-01 0 15 0 1.24300-01 0 0 0 0.0 219--
30 2516 0 11 0 7.00000+00 0 2 0 7.60000+00 0 16 0 7.00000+00 220
10 2536 0 1 0 5. 00001 6l 0 0 0 0.0 0 0 0 0.0 221
10 2556 0 1 0 5.00000-01 0 0 0 0.0 0 0 0 0.0 222
20 2576 -. 0 ~1---0'- 1.00000400 0 .. 16 0 1.00000*00 0". 0 0.0 223.
* -0
C
20 2596 0 1 0 1.00000+00 0 16 0 1.00000.00 0 0 0 0.0 224
10 2616 0 0 1 6.00000-03 0 0 0 0.0 0 0 0 0.0 225
10 2617 1 1 1 1.0C000-06 0 0 0 0.0 0 0 0 0.0 226
10 2680 0 0 1 2.37600+00 0 0 0 0.0 0 0 0 0.0 227
10 2744 0 0 1 2.00000-02 0 0 0 0.0 0 0 0 0.0 ' 228
11 2808 0 0 1 2.ocoo-02 0 0 0 0.0 0 0 0 0.0 229
HORIZCNTAL PEAKING
1.33 1.27 1.21 1.17 1.15 1.13 111 1.10 1.09 1.08 1.06 1.08 .06 1.08 96
PLATE NC. 1 -2 3 -4 5 6 7 8-9-10L11 12-13 14 1
P PROFILE 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2
VERTICAL PEAKING FOR PROFILE I
2.80 1.56 1.45 1.46 1.46 1.45 1.44 1.43 1.38 1.30 1.17 1.05 0.94 0.81
070056 0.51 0.47 0.44.0.41 0.37 .0 . 0.01
VERTICAL PEAKING.FOR PROFILE 2 -
2.80 1.35 1.30 1.35 1.43 1.47..4- 1.47 1.47 1.44 1.35 1.22 10 0,98 .S7
0.76 C.69 0.60 0.55 0.50 0.46 0.41 0.37 0.32 0.01
FLOFED= II.04000 LBS./SEC. AVEPL* 3.27596
3 0.
- .i..~' ~ -, -
I-,I,-I ~ - -i I ,.,o m k I' I 1' k 111 ,, _
MITR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - I
DX. C.0 FT.
ON
0
r
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE Q A 0 A WINDOW
FT/SEC PSI DEG. F, DEG. F. INCHES DEG. F. DEG. F. INCHES DEG. F. BTU/HR*FT2_STV/HR*FTZ ___
4.28 0.10
1 .. 7.67 __-0.59.. 1A16.0 __ _______________________
174.1 1.0000-06 174.1 174.0 1.OC0-06 174.0 2.71760+05 2.74670+05
- .2 7.83 0.61 116.0----
170.4 1.0000-06 170.4 170.6 1.0000-06 170.6 2.57420+05 2.56570+05
3 7.72 0.60 116.0
168.4 1.0000-06 163.5 160.5 1.0C00-06 168.5 2.46580+05 2.46810+05
___ .7 ,L___ 0.59 .116.0 ___ . __. ________
166.6 1.0000-06 166.6 166.7 1.000D-06 166.7 2.37870+05 2.3810D+05
5 - 7.71 0.59 116.0
165.9 1.0000-06 165.9 166.0 1.0000-06 166.0 2.34450+05 2.34690+05
6 7.71 0.59 116.0
165,0o1.0000-06 165.15 6.~.1. 100006.l!4-06 1 .052.3 640405_410_05_30640+05
7 7.71 0.59 116.0
S164.4 1.0000-06 164.4 164.5 1.0000-06 __164.5 2.27380+05 2.27600+05
8 7.71 0.59 116.0
163.8 1.0000-06 163.8 163.8 1.oCOO-06 163.8 2.24340+05 2.24560+05
9 7.70 0.59 116.0
163.3.1.0000-06_ 163.4 ___163.4_ 1.CCOO-06 163.4 2.2232D+05_2.22540+05
10 7.70 0.59 116.0
163.1 1.CC00-06 163.1 163.2 1.0000-06 163,2 2.21310+05 2.21540+05 ___0_
11 7.70 0.59 116.0
163.1 1.0000-06 163.2 163.2 1.0000-06 163.2 2.21320+05 2.21550+05
12 7.707 0.59 ____116. 016. 5
163.1 1.0000-06 163.2 163.2 1.0000-06 163.2 2.2132D+05 2.2155D+05
14 - 7.70 0.59 116.0
163.1 1.0COO-06 163.2 163.2 1.CCOO-06 163.2 2.21350+05 2.21520+05
163..70106.0 1 0-06 1 2 163.2 .0000-06 163.2 2.21350+05 2.212 D +
163.5 1.0000-06 163.5 163.6 1.0000-06 163.6 2.22920+05 2.22180+05
16 7.65 0.59 116.0
4.28 0.18
MITR2 TEMP OISTRIBUTION' CORE 1 A-2
PESH POINT 3
DX 0.02960 F T.
CHANNEL VEL TOTPL TBULK TSURFACE FILPTH TINTFACE TINTFACE FILMTH TSURFACE 0 / A 0 / A WINDOW
FT/SEC PSI DEG. Fe-. DEG. F. --- INCHES.-.- DEG. F. DEG, F. INCHES ...DfEG. F..BTU/HR*FT2._STU/HR*FT2.....
4.28 0.28
1... 7 .67. ... 0.68.......117.0________ -___ _____________________________
156.9 1.0000-06 156.9 156.9 1.0000-06 156.9 1.87700+05 1.86820+05
2 7.83 0.71 117.8
154.2 1.0000-06 154.2 154.5 1.0000-06 154.5 1.73860+05 1.74040+05
3 7.72 .0.69 117.A
150.3 1.0CO-06 150.3 150.4 1.0C00-06 150.4 1.5402D+05 1.54850+05
~4. 7.7L.6 .69 117.7 - __
149.1 1.COOO-06 149.1 149.2 1.0000-06 149.2 1.48770+05 1.49400+05
7.7 069 I117.6
14'.6 1.C000-06 148.6 148.7 1.0C00-06 148.7 1.46740+05 1.47290+05
6 7.71 0.69 117.6
Il& 14.L 1.0000-06 148,1 .148.2 -. 1.0000-06 148. j,44230+05 1,44760+05
7 7.71 0.69 117.6
147.7 - 1.0000-06 147.7 147.8 1.0000-06 147.8 1.42380+05 1.42880+05
? .71 0.69 117.6
147.3 1.0000-06 147.3 - 147.4 - 1.0000-06 147.3 1.40510+05 1.4099D+05
9 7.71 0.69 117.5
147.0Q ,C00O-06 47.0 147.1 1.0000-06_147.1 399+05_1-t)313005
10 7.71 0.69 117.5
146.9 1.0000-06 146.9 146.9 -- 1.0000-06 146.9 1.3868D+05 1.39100+05
11 7.71 _ 0.69 117. 1
146.9 1.0000-06 146.9 147.0 1.0000-06 146.9 1.38700+05 1.3910D+05
12 7.71 0.69 117.5
146.9 C1.C00-06 146.9 147.0 1.0000-06 146.9 1.38700+05 1.3910D+05
146.9 1.0000-06 146.9 147.0 1.0000-06 147.0 1.38730+05 1.39080+05
1.70 0.69 --11-.5-
146.8 1.0000-06 146.8 146.8 1.0000-06 146.8 1.3840D+05 1.40890+05
16 7.65 0.68 116.8
4.28 0.28
0
PITR2 TEMP DISTRIBUTION CORE I A-2
MESH POINT - 5
DX a 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE Q / A Q / A WINDOW
FT/SEC PSI DEG. Fs DEG. F. INCHES DEG. F. DEG..F. INCHES -_- DEG, F,, OTU/HR*FT2 8TU/HR*FT2
4.28 0.38
1 7_ .67 __ 0.17 117.7---15600
149.3 1.0000-06 149.4 149.5 1.0000-06 149.5 1.491':0+05 1.45960+05
2 7.84 0.80 119.1
147.2 1.OCO-06 147.2 147.5 1.0000-06 147.4 1.35020+05 1.35990+05
3 7.72 0.76 118.9
142.8 1.0000-06 142.9 143.0 1.0000-06 143.0 1.1406D+05 1.1547D+05
4 7.7L 0.78 118.7
141.9 1.0000-06 141.9 142.1 1.0CO-06 142.1 1.1052D+05 1.11370+05
5 7.71 0.78 118.6
141.6 1.0000-06 141.6 141.7 1.0C00-06 141.7 1.09090+05 1.09810+05
6 7.71 0.78 118.6
_141.2 .0000-06 141.2. 141,.3 .0000-04_-j41.3 _1.07260+05_,07950+05
7 7.71 0.78 118.6
D40. 1.0000- 6 140.9 141.0 1.0000-06 141.0 -1.05910+05 1.06570+05
8 1.71 0.78 118.5
140.5 1.0000-06 140.5 140.6 1.0000-06.140,.6 1.04550+05 1.05170+05
9 7.71 0.78 118.5
140.3 1.0000-06 140.3 140.4 .0000-06 140.4 1.03670+05 1.04240+05
10 7.71 0.78 118.5
:-----140.2 1.0000-06 140.2 140.3 -1.0C00-06 140.3_1.03250+05 1.03770+05
11 7.71 0.78 118.5
140.2 1.0000-06 140.2 140.3 1.0000-06 140.3 1.03270+05 1.03770+05
140.2 1.0000-C6 140.2 140.3 1.0000-06 140.3 1.03270+05 1.03770+05
13 7.71 0.78 118.5
140.2 1.CCO-06 140.2 140.3 1.0COD-06 140.3 1.03280+05 1.03770+05
14. 7.71 0. 78 -. 118.5
140.2 1.C000-06 140 2 .3 1.0000-06 140.3 1.03300+05 1.0375D+05
139.9 10000-06 139.9 139.9 1.0000-06 139.9 1.01810+05 1.06390+05
16 7.66 0.77 117.3
4.28 0.38
ce
0\
0
C
1'1 h
- -~ -~--~ - - --.. ~ ~ ~hii~hdI I. ... ~ ~.
r-
PITR2 TEMP DISTRIBUTION CORE I A-2
MESH POINT - 7
OX - 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0~/ A a~/ A WINDOW
FT/SEC PSI DEG. F.-.- DEG. F. INCHES DEG. F. CEG. F. INCHES --- DEG. F.. BTU/HR*FTt TU/HR*FTZ___
4.28 0.48
1 7.67. 0.87 118.3 _ ___ ___ ____ ____-___________________________
148.8 1.0000-06 148.8 149.0 1.OCOD-06 149.0 1.44310+05 1.38910+05
2 7.84 0.89 120.2
146.7 1.0000-06 146.8 147.1 1.0000-06 147.1 1.28280+05 1.29760+05
3 7.72 0.88 119.9
143.2 1.0000-06 143.2 143.3 1.0000-06 143.3 1.11300+05 1.13200+05
4 7.7a 0.8. 119.6 -
142.3 1.0COO-06 142.3 142.4 1.OCOO-06 142.4 1.08100+05 1.09140+05
5 7.72 0.88 119.6
141.9 1.0C00-06 141.9 142.1 1.0000-06 142.1 1.06740+05 1.07620+05
6 7.71 0.88 119.5
_ 141.5 1.0000-06 141.5 14k.6 1.0000-06J141.6 . .04970+05 .05810+05
7 7.71 0.88 119.5
141.2 1.0000-06 141.2 141.3 1.OC00-06 141.3 1.03670+05 1.04460+05
a 7.71 0.88 119.4
140.9 .C0000-06 140.9 14r.0 1.0000-06 141.0 1.02350+05 1.03090+05
9 7.71 0.88 119.4
140.7 1.0000-06 140.6 ___140.8 1.0000-06 140. 1.01510.+05 1.02180+05
10 7.71 . 0.87 119.3
---7, L. .0 87 11. ~ 140.6 1.0000-06 140.6 140.7 1.0000-06 140.7 1.0111D+05 1.01710+05
11 __7.7. 0.87 119.3
140.6 1.0000-06 140.6 140.7 1.0000-06 140.7 1.01140+05 1.0172D+05
147 7.1 .. 0.87 .119.3...- -- _____
140.6 1.0000-06 140.6 140.7 1.0000-06 140.7 1.01140+05 1.0172D+05
13 7 . 19.
140.6 1.0000-06 140.6 140.7 1.0000-06 140.7 t.01150+05 1.01710+05
16 7.66 0.86 117.7 3
4.28 O.48
0
MITR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - 9
DX * C.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0/ A 0 / A WINDOW
FT/SEC PSI DEG. Fa DEG. F. NCHES DEG. F. DEG. F.!INCHES DEG. F.OTU/HR*FT2BTU/HR*FT2_
4.28 0.58
1 7.67 __ -0.96 118.9
149.7 1.0000-06 149.7 149.9 1.0000-06 149.9 1.45850+05 1.38760+05
2 - 7.84 0.99 121.3
147.6 1.COO-06 147.6 148.0 1.0000-06 148.0 1.27940+05 1.29860+05
3 7.72 0.97 121.0
144.6 1.C000-06 144.6 144.8 1.0C00-06 144.7 1.13570+05 1.15920+05
4...___7.72 0.97 120.6____-__
143.6 1.0000-06 143.6 143.8 1.0000-06 143.8 1.1052D+05 1.1178D+05
5 7.72 0.97 120.5
143.3 1.0000-06 143.3 143.4 1.0000-06 143.4 1.09190+05 1.10230+05
6 7.72 0.97 120.4
S 7 142. 1. -06 142.8 143.0 1.C000-06__j 43.0 L.7400+055 1.08390+05
7 7.71 0.97 120.3
142.5 1.0000-06 142.5 142.6 1.0000-06 142.6 1.06090+05 1.07020+05
8 7.71 0.97 120.3
7.7-0142.2 1.0000-06 142.2 142.3 1.000D-06 142.3 1.04770+05 1.05630+05
9 7.71 0.97 120.2
142.9 1.000-06 142.9 142.1 1.0000-06 142.1.1_,03930+05 1,0470D+05
10 7.71 0.97 120.2
141.9 1.0000-06 141.9 142.0 1.0000-06 142.0 1.03530+05 1.04230+05
11 7.71 0.97 120.2
_41? 7.1 9 10_0006 141.9 
142.0 1.0000-06 142.0 1.03570+05 1.04230+05
141.9 1.0000-06 141.9 142.0 1.0000-06 142.0 1.0357+05 1.04230'05
13 -- -7.71 0.97 120.2- --
141.9 1.0000-06 141.9 142.0 1.0000-06 142.0 1.0357.; 1.0423D+05
14 7.71.- -, 0.97 120.2 - 1 --
141.9 1.0000-06 141.9; 142.0 1.0000-06 142.0 1.03560+05 1.04250+05
141.2 1.C0OD-06 141.2 141.2 1.0000-06 141.1 1.30600+05 1.08430+05
16 7.66 0.96 118.2
4.28 0.58
MITR2 TEMP DISTRISUTION CORE I A-2
PESH POINT - 11
DX a 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILPTH TINTFACE TINTFACE FILMTH TSURFACE 4 / A 0 / A WINDOW
FT/SEC PSI -DEG. Fm.OEG. . INCHES DEG. F. DEG. F. INCHES DEG. F._BTU/HR*FT2 STU/HR FT2
4.28 0.68
150.4 1.0000-06 150.4 150.7 1.0000-06 150.7 1.46850+05 1.38070+05
2 7.84 1.08 122.3
148.4 l.0000-06 148.4 148.8 1.0000-06 148.8 1.27120+05 1.29430+05
3 7.73 .1.06 M22.
146.3 1.C000-06 146.3 146.5 1.CC00-06 146.5 1.17310+05 1.20060+05
4. _ 7.72 ___1.06...121.6 - __- ______ ________
145.3 1.0000-06 145.3 145.5 1.0000-06 145.5 1.14270+05 1.15760+05
5 7.72- _ 1.06 121.4___
144.9 1.0000-06 144.9 145.1 1.0000-06 145.1 1.12930+05 1.14170+05
6 7.72 1.06 121.3
1.64 1000-04 144.4 _144,.6 _I. 0000-06 4,6 1i11080+05 1,12260+05_
7 .72 1.06 121.3
144.1 1.0000-06 144.1 144.3 1.0000-06 144.3 1.09750+05 1.10850+05 ____
a 7.71 t.06 121.2
143.7 1.C000-06 143.7 143.9 1.0000-06 143.9 1.08390+05 1.09410+05
9 7.71 1.06 121.1 -
- _ 143.5 1.0000-06 143.5 143.6 1.0000-06_ 143_ 1.07530+05 1.7908450+05
10 7.71 1.06 121.1
. Z. . 1 0 .143.4 1.0000-06 143.4 143.6 1.0000-06 143.6 1.07130+05 1.0796+05
13 7.71 1.06 121_1 143.4 1.0000-06 143.4 143.6 
1.0000-06 143.6 1.07180+051.0796005
143.4 1.0000-06 143.4 143.6 1.0000-06 143.6 1.07180+05 1.07960+05
13 7.71 106 121.1
143.4 1.0000-06 143.4 143.6 1.0000-06 143.6 1.07180+05 1.07960+05
.33.4 1.000D-06 143.4 143.6 1.0000-06 143.6 1.07150+05 1.08000+05
is 7. 7 1.__A 06 121.01
142.6 1.0000-06 142.6 142.5 1.0000-06 142.5 1.03500+05 1.12940+05
16 7.66 1.05 1186.
4.28 0.68
0
PITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 13
OX - 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE Q /A 0 IA WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. DEG. F. NCHES.D-G. F.1 TU/HR'F.07U/HR*FT2
4.28 0.78
_7.6 __ .1 __ 20.1
.1151.1 1.0 -06 151.1 151.4 1.000D-06 151.4 1.4744D+05 1.3696D+05
2 7.84 1.17 123.4
149.1 1.CO-06 149.1 149.5 1.CCOD-06 149.5 1.25990+05 1.28610+05
3 7.73 1.16 123.0
147.9 1.000C-06 147.9 148.1 1.0000-06 148.1 1.20580+05 1.2367D+05
___ .72 1.16---l_ 122.6_ _ __
146.8 1.C000-06 146.8 147.1 1.0000-06 147.1 1.1750D+05 1.1923D+05
5 7.72 1.16 122.4
146.4 1.0000-06 146.4 146.6 1.000D-06 146.6 1.16160+05 1.17590+05
6 7.72 1.16 122.3
- _____________- - [45.9 .0000CO-06 .146.0 146,2 1.0000-06.146.1 .14270+Q5.156401.05_ _______
7 7.72 1.16 122.2
145.6 I.C000-06 145.6 145.1 1.0000-06 145.0 1.12910+05 1.14190+05
8 7.72 1.16 122.1
145.2 1.0000-06 145.2 145'.4 1.0000-06 145.4 1.1152D+05 1.12710+05 ____ ___
9 7.72 1.16 122.1
_1450.0 1.0000-06-145.0. 145.2 1.0000-06 145.2 1.10650+05_1.11720+05
10 7.71 1.15 122.0
144.9 1.CCOO-06 144.9 145.1 1.0000-06 145.1 1.10250+05 1.11210+05
11 - 7.71 1.15 122.0 14. 1GCD0 14. 14. 10006 14. 1.3005 .1105
144.9 1.0000-06 144.9 145.1 1.0000-06 145.1 1.10310+05 1.1121D+05112 7.71 115 122.0
144.9 1.0000-06 144.9 145.1 1.0000-06 145.1 1.10310+05 1.11210+0513 7.~7 1 11 2.
144.9 1.000-06 144.9 145.1 1.0000-06 145.t 1.10310+05 1.11210+05
144.9 1.COO-06 144.9 145.l 1.0000-06 145.0 1.10250+05 1.11280+05
143.9 1.0000-06 143.9 143.3 1.0C00-06 143.8 1.0590D+05 1.16990+05
16 7.66 1.14 119.1
4.28 0.78
CN
r
PITR2 TEMP OISTRIBUTION CORE I A-2
MESH POINT 15
DX - 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 / A 0 / A WINDOW
FT/SEC PSI DEG. F. DEG. F..- INCHES DEG. F. CEG. F. INCHES _ DEG. F._ BTU/HR*FT2.SU/HR*FTZ
4.28 0.881 7.68 l.24..120.8 -
151.6 1.0000-06 151.6 152.0 1.0COD-06 152.0 1.47600+05 1.35420+05
2 7.85 1.27 124.5
149.8 1.0000-06 149.8 150.2 1.0000-06 150.2 1.24570+05 1.27420+05
3 7.73 1.25 124.1
149.2 1.0000-06 149.2 149.4 1.0000-06 149.4 1.22360+05 1.25720+05
4 ____7.13 1.25 .__123.6..._____
148.1 1.0000-06 148.1 148.4 1.0C00-06 148.3 1.19250+05 1.21220+05
5 7.72 1.25 123.4
147.7 1.CC00-06 147.7 147.9 1.0000-06 147.9 1.17930+05 1.19550#05
6 7.72 1.25 123.3
-- _________ ____147,2 . 0000-04 147.2 147.4 1.0000-06.147.4.1A.16020#05 1.17570+05
7 7.72 1.25 123.2 t
146.8 1.0000-06 146.8 147.0 1.0000-06 _ 147.0 __114650+0S 1.16100+051
6 7.72 1.25 123.1
146.4 1.CCO-06 146.5 146 07 1.0000-06 --- 146.7 1.13260+05 1.14610+05__
9 7.72 1.25 123.0
- -~146.2 1i.0000-04 146.2 _146.4 1t.0000-06 _46.4___.-12.390+05 1.13600.+.5
1 7 . 2. 146.1 1.0000-06 146.1 146.3 I.0000-06 146.3 1.12000+05-1,13080+05 _
111 7.7 1.25 123.0 __13___16 11601 0+
146.1 1.0000-06 146.1 146.3 1.0000-06 146.3 1.12060+05 1.13080+05
-12 7.7-L25 123.0- -
146.1 1.0000-06 146.1 146.3 1.0000-06 146.3 1.12060+05 1.13080+05
- 14 7.7 1.25 123.0
146.1 1.0000-06 146.1 146.3 1.0000-06 146.3 1.11970+05 1.13180+05
15 7.71 .25 122.9 --- --
145.0 1.0000-06 145.0 144.8 1.0000-06 144.8 1.06910*05 1.19680+05
16 7.66 1.24 119.6
4.28 0.88
- - - - - - - - -
C\
0\0
MITR2 TEMP OISTRIBUTION CORE I A-2
MESH POINT - 17
DX a C.02960 FT.
CHANNEL VEL TOTP. TBULK TSURFACE tLMTH TINTtCE TINTFACE FILMTH TSURFACE / A A - C V0caw
FT/SEC PSI DEG. F. QEG. F. INCEES ,EG, F. DCG. F. INCHES --- DEG. -F._ OT/HR*FT2YBTU/HR*FT2_ ____
4.28 0.98
7.68___ _ I.33__ 21.
152.2 1.0000-06 152.2 152.6 1.0000-06 152.6 1.47750+05 1.33890+05
2 7.85 1.36 125.5
150.4 1.0000-06 133.4 50.9 1.0000-06 150.9 1.2319D+05 1.26230+05
3 7.73 1.34 125.1
150.0 1.0000-06 150.0 150.3 1.C000-06 150.3 1.21750405 1.25340+05
A 7.1 134_124.-_
148.9 1.0000-06 148.9 149.2 1.0000-06 149.2 1.18650+05 1.20870+05
5 7.73 1.34 124.4
148.5 1.0000-06 148.5 148.7 1.0000-06 148.7 1.17390+05 1.19210+05
6 7.72 1.34 124.3
________ __ - 148.0 1.0000-06-148.0 148,. 1.0003-06..148.2 1..1d550D+05 1.17250+05________
7 7.72 1.34 124.2
147.6 1.0000-06 147.6 147.8 1.0000-06 147.8 1.14160+05 1.15790+05
8 7.72 1.34 124.1
147.2 1.0000-06 147.2 147'.5 1.0000-06 147.5 1.12790+05 1.14300+05
9 7.72 1.34 124.0
117.7071..001-063.147.0 - 147.2 _ 1.COO-06 147.2 _ .11950+05 1,13300+05
10 7.72 __1.34 123.9_
_____146.8 1.CCOD-06 14A.9 - 1.47.1 1.0000-06 147.1 1.11570+05 1.12780+05
S11 7.72 1.34 123.9
146.8 1.0000-06 146.q 147.1 1.0000-06 147.1 1.11640+05 1.12770+05
146.8 1.0000-06 146.9 :47.1 1.0000-06 147.1 1.11440+05 1&1277D05
13 7.724..34 123.9 _ ...
1. 46 1.8 1.0000-06 146.9 147.1 1.0000-06-147.1 1.11640+05 1.12770+05
14 7.72 1.34 123.9
146.8 1.0000-06 146.e 147.1 1.CCOO-06 147.0 1.11500+05 1.12920+05
45*45 100 7.7 A .34 . 23.8 _ . -- 1.01
145.6 1.CCOO-06 145.6 145.4 1.0000-06 145.4 1.05710+05 1.20210+05
16 7.66 1.33 120.1
4.28 0.98
ON
H
0
I-
MITR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - 19
DX 0*02960 FT
CHANNEL VEL TOTPL TULK TSURFACE FPLTH TIN7FACE TINTFACE FILMTH TSURFACE Q / A 0 / A WINDOW
FT/SEC PSI DEG. F. DEG. F.. .INCHE-. DEG. F. DEG. F. INCHES -- EG. Pa.. .5TU/HR*FTZ--TU/HR*FT2--- _______
4.28 1.08
152.8 1.0000-06 152.8 153.2 1.0000-06 153.2 1.47880+05 1.32370+05
2 7.85 1.45 126.6 151.1 1.0000-06 151.1 151.6 1.0000-06 151.6 1.21850+05 1.25060+05
3-.- 7.74 1.44 126.2- -
150.8 1.COOO-06 150.8 151.1 1.OCOO-06 151.1 1.21060+05 1.24880+05
1.43 125.4 1 I.C0OO-06 149.7 150.0 1.0000-06 150.0 1.17980+05 1.20430+05
S: 5 7.73 -1.43 125.4---
149.2 1.0000-06 149.2 149.5 1.0000-06 149.5 1.16770+05 1.18790+05
6 7.73 1.43 125.3
- - -___14_- 48.7 1.0000-06 148,7 149,0 1.0000-06 149.0 1,14910+05116840+05
7 7.72 1.43 125.1
-- ,148.3-- 1.0000-06 148.4 148.6 1.0000-06 148.6 - .13590+05 1.15390+05
a 7.72 1.43 125.0
148.0 1.0000-06 148.0 14'.2 1.OCO-06 .. 148.2 1.12240+05. 1.13920+05-
9 7.72 1.43 124.9
- #, -147,7 1.0000-06 147. -148.0 1.0000-06 __48.0 1.11420.05_ .12910.05
11 7.72 . 1.43 124.9 . 147.6 -. 1.0000-06 147.6 147.9 1.0000-06 147.8 1.1110005 1.12390+0510 
147.6 1.OOO-06 147.6 147.9 1.0000-06 147.8 1.11140+05 1.12390+0512 7012 .-- 1oA3_ 124.9
147.6 1.0000-06 147.6 147*9 1.000-06147.8 1.11140+05 1.12390+05
14 7.72 .1.43 l24.9. 4 1.0000-06 147.6 147.9 1.0000-06 147.8 1.10964005 1.12390+05
14 7a72- 1.43. 1249
147.6 l.0000-06 147.6 147.8 1.0000-06 147.8 1.10960+05 1.12580+05
15. 7.72 1. a43 124.8 --
146.1 1.0000-06 146.L 145.9 1.000D-06 145.9 1.04440+05 1.20670+05
16 7.66 1.42 120.6
4.28 1.08
CY
I . *M A L
PITR2 TEMP DISTRIBUT!ON CORE I A-2
MESH POINT - 21
DX = 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 /A 0 / A WINDOW
FT/SEC PSI DEG.. F. DEG. F. INCHES_- DEG. F. DEG. F. INCHES .DEG. F,_ BTU/li;*FT?2_TU/HR*FT2
4.28 1.18
1A ~ 7.68 - .52 1226
153.2 1.0000-06 153.2 153.7 1.0000-06 153.7 1.47600+05 1.30450+05
2 7.86 1.54 127.6
151.7 1.0000-06 151.7 152.2 1.0000-06 152.2 1.20150+05 1.23510+05
3 7.74 1.53 127.2
151.5 1.CCOD-06 151.5 151.9 1.0000-06 151.8 1.2012D+05 1.24140+051.73 1. 53 __126._7___ __ _
150.4 1.0000-06 150.4 150.7 1.0000-06 150.7 1.1704D+05 1.19740+05
5 7.73 1.53 126.4
149.9 1.0000-06 150.0 150.3 1.OCOD-06 150.3 1.15900+05 1.18110+05
6 7.73 1.53 126.3
- 149.4 1.0000-06 149,4 149.7 ,0000-06_49.7, 1,14070+05 1,16180+05
7 7.73 1.53 126.1
S ----- 149.1 1.0000-06 149.1 149.3 1.0000-06-- 149.3 _1.12780+05 1.14750+05
8 7.73 1.53 126.0
148.7 1.0000-06 148.7 149.0 1.0000-06 149.0 -1.11460+05 1.13290+05
9 7.72 1.53 125.9
7.12 18 148.41.0000-06 148.4 148.7 1.0000-6 48.7 1066D+05 1,12290+05
10 7.72 1.53 125.6
_ 148.3 1.000D-06 148.3 148.6 l.000-06 148.6 A.10320+051.11770+05
11 7.72 1.53 125. 0
149.3 1.0000-06 148.3 148.6 1.0000-06 148.6 1.10400+05 1.11760+05
148.3 1.0000-06 148.3 148.6 1.0000-06 148.6 1.10400+05 1.1176D05
148.3 1.0000-06 148.3 14P 6 i.0000-06 148.6 1.10400+05 L.1177D+05
14 7. 72 1. 53 125.8
148.2 1.CCOD-06 148.3 148.5 1.0000-06 148.5 1.10170+05 1.120D+05
s72 -1.52 125.7
146.7 1.0000-06 146.7 146.4 1.0000-06 146.4 1.02950+05 1.20880+05
16 7.66 1.51 121.2
4.28 1.18
f\)
*,r,. ti 4
PITRZ TEMP DISTRIBUTION CORE I A-2
MESH POINT - 23
ox a 0.02960 FT.
CHANNEL VEL TOTPL TBULK -- TSURFACE FILMYH TINTFACE -TINTFACE FILMTH TSORFACE 0 / A 0 / A WINDOW
FT/SEC PSI DEG. F --- DEG. F. INCHES DEG. F. CEG. F. INCHES __DEG. F._STU/HR*F72BTU/HR*FT -
4.28 1.28 -
1 7.68 1.61-123.2
153.2 1.0000-06 153.2 153.8 1.CO-06 153.8 1.44970+05 1.26150+05
2 7.86 1.63 128.6
151.8 1.0000-06 151.8 152.3 1.0000-06 152.3 1.1623D+05 1.19730+05
3 7.74 1.62 128.2
151.9 1.0000-06 151.9 152.3 1.0000-06 152.3 1.17600+05 1.21810+05
6 .74 1.6. 127.7 -__ __ ___ __ _______
150.8 1.0C00-06 150.8 151.2 l.CCO0-06 151.2 1.14580+05 1.17510+05
5 7.73 1.62.- 127.4
150.4 1.COO-06 150.4 150.7 1.0000-06 150.7 1.13510+05 1.15910+05
6 7.73 1.62 127.2
_19,61.0000-06 149.9 150,.2 _1.0000-06 150.2 11?30+05_14030+05
7 7.73 1.62 127.1
149.5 1.0000-06 149.5 149.8 1.0000-06 1149.8 _1.10500+05 1.12640+05
a 7.73 1.62 126.9
149.1 1.0000-06 149.1 149'.4 1.0000-06 149.4 .1.0922005 1.11210+05
9 7.73 1.62 126.8
10 ____ 70 ______~i- 1- __ __148.8 1.*0000-06-148.8_ 149.1 _1.0000-06 149.1 J.08460+05_ 1.10230.05
10 7.73 1.62 126.8
148.7 1.0000-06 148.7 149.0 1.0000-06 149.0 _ 1.08150+05 1.09710+05
11 7.73 1.62 - 126.7
148.? 1.0000-06 148.7 149.0 1.0000-06 149.0 1.08230+05 1.09700+05
2 7.073 1.62-126,7
148.7 1.0000-06 148.7 149.0 1.0000-06 149.0 1.08230+05 1.09700+05
14 7.73 1.62 126.7 48.6 1.0000-06 148.6 149.0 1.0000-06 149.0 1.08230+05 1.0971005
14 7.73 -1.62 126.7
148.6 1.0000-06 148.6 148.9 1.0000-06 148.9 1.0794D+05 1.10010+05
15 7672 1.62 .126.6 - -
-2146.9 1.0000-06 146. 146.6 1.0000-06 146.6 1.00010+05 1.19660+05
16 7.66 1.60 121.7
4.28 1.28
A~
a%'
pA
-. - - - - ~ I
MITR2 TEMP DISTRICUTIONl CORE I A-2
PESH POINT - 25
OX a C.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TIITFI CS FILMTH TSURFACE Q / A Q / A WINDOW
FT/SEC PSI DEG. Fa--DEG. F._ INCHES DEG. c. S . F. NCHES__EG. F. -S/HRFT2OTU/HR*FT2-
4.2s 1.38
152.9 1.000-06 152.1.7 15? 1.0000-04 153.5 1.407VDlC5 1.20330+05
2. 7.86 1.72 129.6-- -
151.6 1.0CCO-06 151.6 152.2 '.C000-06 152.2 1.10890+05 1.14520+05
3 7.74 - 1.71 129.2
151.7 1.COO-06 151.; 152.1 1.0000-06 152.1 1.12330+05 1.16710+05
___7.74. 1.71__ 128.- -
150.7 1.0000-06 150.7 151.0 1.0000-06 151.0 1.09440+05 1.12610+05
5__ 7.74. _ 1.71 128.4-
150.2 1.0000-06 150.2 150.S 1.0000-06 150.6 1.08490+05 1.11090+05
6 7.73 1.71 128.2
--- ,I _197 1T.0000-06-149.U 1, _.1 .C000-06 150.1 1.0820+05-,Q9300+05
7 7.73 1.71 128.0
149.3 1.0COD-06 149.3 149.7 1.0000-06 149.7 1.0567U5 1.07970+05
8 7.73 1.71 127.9
148.9 1.0000-06 149.0 149.3 1.0000-06 149.3 1.04470+05 1.06610+05
9 7.73 1.71 127.7
14.7 1.0000-06 14L.7 14.0 2.0000-06J49.Q .03770+05 1.05670+05
10 7.73 1.71 127.7
.148.6 -1.CO0-06 140.6 1W.9 1.0000-05 140.9 __ 1.03490+05 1.05170+05 _
.1 7.73 _. . 1.71 127.6- -
148.6 1.0000-06 148.6 148.9 1.0000-06 148.9 1.03580+05 1.0516D+05
-12 7.3 a.71 127.6__
148.6 1.0000-06 148.6 14.9 1.0000-06 148.9 1.03580+05 1.05160+05
13 -- 7.73 1.7 .127.6
148.6 1.0000-06 148.6 143.0 1.0000-06 148.9 1.03580+05 1.05170+05
14 -7.a73 1. 71 127.6
148.5 1.OCO-06 140.. 14<.8 1.0000-C6 148.0 1.032?0S 1.055^D+05
15 7.72 _ 1.71_ _ 127.t ---
146.6 1.000-06 144.6 146.3 1.0000-06 146.3 9.45930+04 1.15940405
16 7.66 1.70 122.2
4.28 1.38
H
C.. -
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PITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH PDINT - 27
DII -9 0.0960 Ft.
CHANNEL VEL TOTPL T8ULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 / A 0 1 A WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. CEG. F. INCHES DEG. F._0TU/HR*FTZ- TU/HR*FT2.. _ __
4.28 1.48
L.15e7.69 1.79 124.42 1.0000-06 152.2 152.8 1.0000-06 152.8 1.3488005 1.12850+05
2 7.86 1.82 130.5-
-7151.1 1.C000-06 151.1 151.7 1.0000-06 151.7 1.03940+05 1.07690+05
3 7* 175 1.80 130.1 11110600
i1.2 1.0000-06 151.2 151.6 1.0000-06 151.6 1.05280+05 1.09820+05
150.1 .0000-06 15o.1 150.5 1.OCO-06 150m5 1.0261005 1.06000+05
5 7.74 1.80 129.3
149.7 1.C000-06 149.7 150.1 1.0000-06 150.1 1.01800+05 1.04570+05
6 7.74 1.80 129.1
6_ 7.74 .80 129.1__149.2 1.0000-04--149.2--149.6 .0000-04 149,6 1A.00260+Q5_1.02900+05
? 7.73 1.80 128.9
148.8 A1.COO-06 148.8 149.2 1.OCO-06 149.2__9.92040+04 1.01660+05-
8 7.73 1.80 128.7
.8 12 148.5 .1.0000-06 148.5 148.8 1.0000-06 .__148.8_.__9.81030+04 1.00390+05__ _
9 7.73 1.80 128.6
1_ 148. 1.0000-06_1 4 8. I48.6 1.0000-04 148.6S9,74833004_9,9 5060+04
S148.1 1.000D-06 148.1 . 148.4 1.0C00-06._I148.4 .9.72460+04 9.90330+04_ _
11 7.73 1.80 128.48 1.0000-06 148.1 148.4 1.0000-06 148.4 9.73430+04 9.90200+04
17 713 1.80 128.5 14.~1 1.C000-06 148.1 148.4 1.0000-06 148.4 9.7 4 00 .46200+04
13 1___.73 I 1.80 . I2e5.~________ 148.1 1.C000-06 148.1 148.4 1.0000-06 148.4 9.73340+04 9.90300+04
.14 ...... 7.3... 1.80 128.5..._ _148.0 1.0000-06 148.0 148.3 1.0000-06 148.3 9.69160+04 9.94750+04
145.9 1.C000-06 145.9 145.6 1.0000-06 145.6 8.16050+04 1.10590+05
16 7.67 1.79 122.6
4.28 1.48
c-
MITR2 TEMP DISTRIBUTION CCRE 1 A-2
PESH POINT - 29
OX a C.02960FT.
CHANNEL VEL TOTPL T8ULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE Q/A / AIWINO - -
FT/SEC PSI DEG. F DEG. F. INCHES E. F. DEG. F. -INCHES .--. DEG. F. BTUfHR*FT2_8TU/HP*FT2 __ _____
4.28 1.58
___.69 1.88 125.0__ ____ ___ _________________ _______
151.0 1.0000-06 151.0 151.7 1.0000-06 151.7 1.26630+05 1.03090+05
2 7.86 1.91 131.3--
150.0 1.0000-06 150.0 150.7 1.0000-06 150.6 9.47910+04 9.86820+04
3--- 7.75 1.89 131.0--
150.2 1.0000-06 150.2 150.7 1.0CO-06 150.6 9.6522D+04 1.01230+05
4 7 14..81.89 30. 4  -__ --- _________
149.2 1.0000-06 149.2 149.7 1.0C00-06 149.7 9.4163D+04 9.77550+04
57.74 --- 1.89 130.1-- - -
78148.8 1.C000-06 148.8 149.2 1.000D-06 149.2 9.35480+04 9.64020+04
6 7.74 1.89 129.9
C___ 148.3-1.0000-0614.414 4@.0 0..00-6.148.7 9.2113 0+04L9.4
9 6 80+0
7 7.74 1.89 129.7
148.0 1.000D-06 148.0 148.4 1.0000-06 148.4 9.12410+04 9.3843D+04
S 7.73 1.89 129.5
1.89---- 147.6 1.0000-06 147.6 148.0 1.0000-06 148.0-9.02610+04 9.26750+04.
9 7.73 1.89 129.4
10 .7 189 12.3 147.4 1.000-06..147.4 147.8.1,0C00-0 _147.8 _9727004-.18610+Q4
10 7.73 1.89 129.3
147.3 1.COO-06 147.3 147.6 1.0000-06 147.6-8.95370+04 9.14190+04-
11 .73 1.89 129.3
147.3 1.0000-06 147.3 147.6 1.0000-06 147.6 8.96410+04 9.14040+04
12 7.073 - 1.89 129.3-
147.3 1.0000-06 147.3 147.6 1.OCO -06 147.6 8.96420404 9.14040+04
13 7.73 1.89 -_129.3 ____
147.3 1.0000-06 147.3 147.6 1.000D-06 147.6 8.96280+04 9.14190+04
14 .7.73 1.89 129.3 -
147.2 1.0000-06 147.2 111.5 1.C000-00 147.5 .13 ' 9.19430+04
-15 7.7.3 1. 8 9 -12 9. 0
144.9 1.0000-06 144.9 144.6 1.0000-06 144.6 7.91930+04 1.0373D+05
16 7.67 1.88 123.1
4.28 1.58
0\
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MITR2 TEMP OISTRIBUTION CORE 1 A-2
PESH POINT - 31-
OX a 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FtMTH SURFAC /A 0 A WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. OEG. F. INCHES _EG..F._8TU/HR*FT2-TU/HR*FTZ _
4.2.8 1.68
7__7 .69 1.98 125.5 149.8 1.000 1.0000-06 150.6 1.18940+05 9.40290+04
149.8 I.C00-06 149.9 150.6 1.000 156 o840 90204
2 7.86 2.00 132.1 -- 3
149.1 1.0000-06 149.1 149.7 1.0000-06 149.7 8.6332D+04 9.03320+04
3 7.75 1.99 131.8 5
149.3 1.0000-06 149.3 149.8 1.0COD-06 149.8 8.84160+04 9.32600+04
148.4.74. L.99 131.1 1 484 148.8 .0000-06 1488 8.6293004~9.0087D+04
5 7.74 1.99 130.9
.9148.0 1.0000-06 148.0 148.4 1.0000-06 148.4 8.58280+04 8.89260+04
6 7.74 1.98 130.7
47.5 1.90000-04 147,6 148t0 1.0CO-06347.9 8.46110+04 8.75550+04
7 7.74 1.98 130.5
147.2 1.0000-06 147.2 147.6 1.0000-06 147.6__ 8.38150+04 8.65500+04
a 7.74 1.98 130.3
146.9 1.0000-06 146.9 147.2 1.0000-06. 147.2 8.29650+04 8.54980+04 -
9 7.73 1.98 130.1
A46.6 1.0000-06- 146.7 147.0 _1.0000-06_1410. 0 825270+04. 8.47610+04
0 7146.5 1.CCO0-06 146.5 146.9 1.0000-06_ 146.9_ 8.23910+04 8.43570*04
11 7.73 1.98 130.0 146.5 1.0000-06 146.5 146.9 1.0000-06 146.9 8.25020+04 8.43440+04
12 ____7. .98 30.0 146.5 I.C000-06 146.5 i46.9 1.0000-06 146.9 8.25030+04 8.43440+04
13 7.73 1.98 130.0 146.5 1.0000-06 146.5 146.9 1.0000-06 146.9 8.24860+4 8.e43620+04
14 -7.73 1.8 130.0
146.4 1.0000-06 146.4 146.7 1.0000-06 146.t 8.19160+04 8.49710+04
144.0 1.CCOO-06 144.0 143.7 1.0000-06 143.7 7.14iiD+04 9.73490+04
16 7.67 1.97 123.5 h4.
4.28 1.68
A
___ 
- --- -- -- 
-- ---- _________ 
_________
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MITR2 TEMP DISTRIBUTION CORE I A-2
MESH POINT - 33
DX = 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 /A IA WINDOW
FT/SEC PSI DEG. F.- DEG. F. INCHES DEG. F, OEG. F. - INCHES- DEG. F.- BTU/HR*FT2_0TV/HR*FT2 --
4.28 1.78
148.8 1.0000-06 148.8 149.5 1.000D-06 149.5 1.11580405 8.5466D+04
2 7.87 2.09 132.8
148.1 1.C000-06 148.2 148.8 1.0000-06 148.8 7.83380+04 8.24190+04
3 7.75 2.08 132.5
148.4 1.0000-06 148.4 148.9 1.0000-06 148.9 8.04280+04 8.53860+04
4 7. 5 - - 2 .08-- -132.a0-
147A5 1.0000-06 147.5 148.0 1.000D-06 148.0 7.85320+04 8.25090+04
6 7.74 2.08 131.6
147.1 1.000-06 147.1 147.6 1.0000-06 147.6 7.82110+04 8.14580+04
6 7.74 2.08 131.4
3 .0 1. 46.7-1.0000-06-146.7-147, -1.0000-06 147.l - .. 11370+k04-8.02220+_04~
7.74 146.4 1.0000-06 146.4 146.8 1.0000-06 146.8 --- 7.64520+04 7.93180+04
8 7.74 2.08 131.0
146.1 1.0000-06 146.1 146.5 1.0000-06 --146.4 7.57120+04 7.83650+04
9 7.74 2.07 130.8
S - 15.8 _CC00-06 145.9- 146 .2 .0000-06 j6.,2 7_533.0+a76920+04
10 7.73 2.07 130.7
145.7 1.0000-06 145.8 .146.1 1.0000-06 .146. _7.52590+04 7.73170+04
11 7.73 2.07 130.71000-06 145.7 146.1 1.0000-06 146.1 7.53750+04 7.73020+04
17- 7.730.070130.7
145.7 1.0000-06 145.7 146.1 1.0000-06 146.1 7.53760+04 7.7302D+04
13 7.73 2.07 130.7
145.7 1.0000-06 145.7 146.1 1.0000-06 146.1 7.53540+04 7.73250+04
14 7.73 2.07 130.7
145.6 1.0000-06 145.6 145.9 1.0000-06 145.9 7.47060+04 7.80230+04
143.1 1.0000-06 143.1 142.7 1.0000-06 142.7 6.3779D+04 9.09510+04
' 16 7.67 2.06 123.9
4.28 1.78
0h
CD
r
PITR2 TEMP DISTRIBUTION CORE I A-2
MESH POINT - 35
OX = 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE Q / A 0 / A mINDOW
FT/SEC PSI DEG.. F. DEG. F. INCHES - CEG. F. CEG. F. INCHES -DEG. F 87TU/HR*FT2-5TU/R*FT2 _ __ _
4.28 1.88
7. 1147.7 1.0000-06 147.7 148.5 1.0C00-06 148.5 1.04340+05 7.71570+04
2 7.87 2. 18. 133.4
147.2 1.0000-06 147.2 147.9 1.0C00-06 147.9 7.05860+04 7.47310+04
3 7.75 2.17 133.2
147.5 1.000D-06 147.5 148.0 1.0000-06 148.0 7.25720+04 7.76260+04
4 _7.75 - 2.17 132.6 - ----
Z' ~146.6 1.0000-06 146.7 147.1 1.0000-06 147.1 7.0903D+04 7.50400+04A
5 7.74 2.17 132.2
146.3 1.C000-06 146.3 146.7 1.0000-06 146.7 7.07200+04 7.40980+04
6 7.74 2.17 132.0
__ -_-_- 145.9-.0000-06-14.9 146.3 1.0000-06 l46i3 A697850+04-712994D+04
7 7.74 2.17 131.8
145.5 t.0000-06 145.5 145.9 1.0C00-06 _ 145.9 6.92080+04 7.21690+04 _ __
a 7.74 2.17 131.6
1.74-- -- - - 145.2. 1.0000-06 145.2 145.6 1.0000-06 _145.6 6.85750+04 7.13330+04
9 7.74 2.17 131.4
10 7.74 2.17 131.4
144.9 1.0000-06 144.9 145.3 1.0000-06 .145.3 6.82400+04 7.03770+04
11 7.74 -- 2.17- - 131.3
144.9 1.CCOO-06 144.9 145.3 1.0000-06 145.3 6.83600+04 7.03600+04
12 774 .2.17 131.3 14
144.9 1.0000-06 144.9 145.3 1.0000-06 145.3 6.83610+04 7.03610+04
13 7.*74 2.s17 13.
144.9 1.0000-06 144.9 145.3 1.0000-06 145.3 6.8334+04 7.03900+04
-47.74-.- 2. 17 131.3
144.8 1.0000-06 144.8 145.1 1.0000-06 145.1 6.76010+04 7.11770+04
1 17.73 2.16 130.9 .0000-06 142.1 141.7 1.0000-06 141.7 5.6280004 8.45630+04
16 1.67 2.15 124.3
4.28 1.88
7.
I)'
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MITR2 TEMP DISTRIBUTION CORE I A-2
MESH POINT - 37
OX a C.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINT'ACE FILMTH TSURFACE 0 /A 0 A WIND0W
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. DEG. F. InCHES DEG* F. .. TU/HRFT2ZSTU/ROFT2_
4.28 1.98
1 -7.69 2.*25 126.-9
146.4 1.0000-06 146.4 147.2 1.OCO0-06 147.2 9.5812D+04,6.76590+04
2 7.87 2.27 134.0
146.0 1.C000-06 146.0 146.7 1.0000-06 146.7 6.17240+04 6.59110+04
3 7.75 2.26 133.8 146.6 1.0000-06 146.6 147.1 1.0000-06 147.1 6.53440+04 7.04620+04
4- 7.7 2.26 133.2----
L45.8 1.CO0-06 145.8 146.3 1.0000-06 146.3 6.38700+04 6.81470+04
5 7.74 2.26 132.8
145.4 1.0000-06 145.4 145.9 1.0000-06 145.9 6.38110+04 6.73050+04
6 7.74 2.26 132.6
- -- - - - - 145.1 1.0000-06 145.1 _ 145.5 1.0000-16-145,5 3050+4_663220+04
7 7.74 2.26 132.4
-.26 2 144.7 1.0000-06 144.8 145.2 1.0000-06 145.2 6.25280+04 6.56090+04 _
8 7.74 2.26 132.2
144.5 1.000-06 144.5 144.9 1.0000-06 144.9 6.19930+04 6.4843D+04
9 7.74 2.26 132.0
144.L3 .. 0000-06j44,3 144.7 1.0000-06 144.7 6o7790+04 6.42890+04
10 7.74 2.26 131.9
- -. --- _144.2 1.C000-06 144.2 144.6 1.0000-06 144.6 6.17650404 6.39710+04
11 7.74 2.26 131.9 
144.2 1.0000-06 144.2 144.6 1.0000-06 144.6 6.18890+04 6.39530+04
7 7A74. 2. 26 131.9
144.2 1.0000-06 144.2 144.6 1.0C00-06 144.6 6.18900+04 6.39540+04
13 7.74 -2.26 131;9
144.2 1.0000-06 144.2 144.6 1.0000-06 144.36- 6.1856004 6.39890+04   -
14 7.e74 .2.926 131.9
144.0 1.0000-06 144&0 144.3 1.0000-06 144#3 6.1037D+04 6.4872D+04
15 7.73 2.26..131.4 -- __ - __ __---- ----- -________
141.3 1.0000-06 141.3 140.8 1.0000-06 140.8 4.93980+04 7.86450+04
16 7.67 2.25 124.6
4.28 1.98
C\
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PITR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - 39
oX a 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILPTH TSURFACE 0/ A 0 / A WINDOW
FT/SEC PSI DEG. Fe 0EG. F... INCHES.- DEG. F. DEG. F. INCHES-EG. F.--STUIHR*FT2-BTU/HR*FT2_____
4.28 2.08
1 - 7.69 - -2.34.- - 127.3 -
145.2 1.0000-06 145.2 146.0 1.0000-06 146.0 8.81670+04 5.92240+04
-222 7.87 2.36 134.5----
145.0 1.0000-06 145.0 145.? 1.0000-06 145.7 5.3870D+04 5.80500+04
q 3 7.75 2.35 134.3
145.1 1.0000-06 145.7 146.2 1.0000-06 146.2 5.81860+04 6.33260+04
-4 7.75 2.35 133.8
145.0 1.0000-06 145.0 145.5 1.0000-06 145.4 5.68840+04 6.12850+04
5 7.75 2.35 133.4----
144.6 1.0000-06 144.6 145.1 1.0000-06 145.1 5.69470+04 6.0543D+04
6 7.74 2.35 133.1
144.Z-.O000-06.144.2 144.7 1.0000-Q6 J44,7 5.62680+04 5.96800404
7 7.74 2.35 132.9
---- 143.9 -- 1.0000-06 143,9 144.4 1.0000-06 144.- 5.58880+04 5.90570+04
a 7.74 2.35 132.7
143.6 -- 1.0000-06 143.7 144.1 1.0000-06 144.1 _-5.54490+04 5.83800+04
9 7.74 2.35 132.5
_____- -143. 1.C0000-06 143.5 _ 143.9 1.0000-06 143.9 t.5304.+04 5,78840+04
10 7.74 2.35 132.4
143.4 1.0000-06 143.4 143.8 1.0000-06 143.8..5.53260+04 5.75920+04
---7.742.35 132.4
143.4 1.0000-06 143.4 143.8 1.0000-06 143.8 5.54530+04 5.75730+04
143.41235 2.0000-06 143.4 143.8 1.0000-06 143.8 5.54540+04 5.5740+04
143.4 1.0000-06 143.4 143.8 1.0000-06 143.8 5.54140+04 5.76170+04
14 7.74--2.35 13.
143.2 1.COO-06 143.2 143.5 1.0000-06 143.5 5.45060+04 5.85970+04
- 5 - 7073 -- - ,35- - 131.9 - --
140.3 1.0000-06 140.4 139.9 1.0000-06 139.9 4.26140+04 7.26950+04
16 7.67 2.34 125.0 2
4.28 2.08
pa
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PITRZ TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 41
OX a 0.02960 FT.
CHANNEL VEL TOTPL rBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 /A 0 / A WINDOW
FT/SEC PSI DEG. F. DEG. .F. INCHES DEG, F. OtG. F. INCHES . DEG. F, __TUHR*FT2 STU/HR*FT2Z
4.28 2.18
11 7.9 2.43 .__127.6 -___ _____________
144.1 1.0000-06 144.1 145.0 1.0000-06 145.0 8.14610+04 5.13980+04
2 7.87 2.45 134.9
144.1 1.0000-06 144.1 144.8 1.OCOO-06 144.8 4.70590+04 5.12000+04
3 7.75 2.44 134.7
144.9 1.C000-06 144.9 145.4 1.0000-06 145.4 5.18250+04 5.69600+04
: 4 - 7.75- - 2.44-- - 134.2 - --
144.2 1.0000-06 144.2 144.? 1.0000-06 144.7 5.0662D+04 5.51660+04
5 7.75 2.44 133.8
143.8 1.0000-06 143.8 144.3 1.0000-06 144.3 5.08310+04 5.45130+04
6 7.74 2.44 133.6
743.5 1.0000-06 143.5_ 143.9- 1.0000-06-143.9-5.02650+04_5.37580+04
7 7,74 2.44 133.3
143.2 1.0000-06 143.2 - 143.6 1.OCO-06 __ 143.6 __ 4.99710+04 5.32150+04
7.74 2.44 133.1
.142.9 1.0000-06 142.9 143.4 1.0000-06 143.4 4.96190+04 5.26160+04
9 7.74 2.44 133.0
10 7.74 2.44 132.9 142.8 .0000-06 .142.8 143 .2 1.0000-06 .143.2 4.95330+04-5,21710+04_________10 7.74 2.44 132.9
- 2 7.-142.7 1.0000-06 142.7 143.1 1.CC00-06 143.a 4.95870*04 5.19040+04 +___-,,--
11 7.74 2.44 132.8
142.7 1.0000-06 142.7 143.1 1.0000-06 143.1 4.97180+04 5.18840+04
12 7.47 .44 132..8 e - - -
142.7 1.0000-06 142.7 143.1 1.0000-06 143.1 4.97180+04 5.18850+04
13 7.74 2.44- -- 132.8 ----
142.7 1.0000-06 142.7 143.1 1.0000-06 143.1 4.96710+04 5.19360+04
14 7.74 2.44 -,132.8
142.4 1.0000-06 142.4 142.8 1.0000-06 142.8 4.86750404 5.30150+04
_.5 - a 1.73 .. 44. 132.3
139.5 1.0000-06 139.6 139.1 1.0000-06 139.1 3.66020+04 6.73710+04
16 7.67 2.43 125.3
4.28 2.18
\
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VITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 43
OX * 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTm TSURFACE~ 7 A 0 WINDOW
FT/SEC PSI DEG. F. DEG. F. .- INCHES DEG. F. CEG. F. INCHES DEG. F._8TU/HR*FTZ BTIJ/HR*FTZ_______
4.28 2.28
- 1 _ -7.69 --- 2.52 127.9
143.4 1.CO0-06 143.4 144.2 1.OCO0-06 144.2 7.61440+04 4.61240+04
2 7.87 2.54 135.3
143.4 1.0000-06 143.4 144.1 1.0000-06 144.1 4.17070+04 4.57750+04
3 7.76 2.53 135.2
144.4 1.0000-06 144.4 145.0 1.0000-06 145.0 4.72950+04 5.23950+04
4 .7 5 - 7.53 - -134.7 -----
143.? 1.0000-06 143.7 144.2 .CCOD-06 144.2 4.6960+04 5.07870+04
5 7.75 2.53 134.3
143.4 1.CC00-06 143.4 143.9 1.0000-06 143.9 4.6442D+04 5.01980+04
6 7.75 2.53 134.0
7. 23 3 143.0 .000C-06,-- 143.0-__143.5 1.C000-04 A43.5 .'5958D+04_4,95200+04
? 1.74 2.53 133.6 142.8 1.0000-06 142.8 143.2 1.OC00-06_14.... 4.57270+04 4.90350+04
a 7.74 2.53 133.6
142.5 1.0000-06 142.5 143.0 1.0000-06 143.0 4.54370+04 4.84920+04
9 7.74 2.53 133.4
-42.3A.0000-04.142.3 142.8 .1.0000-Q6 14 A2.84.53960+04 4.80840+04
10 1.74 2.53 133.3
142.3 1.0000-06 142.3 142.7 1.0000-06 142.7 4.54730+04 4.78340+04-______
11 7.74 2.53 133.3 _
142.3 1.0000-06 142.3 142.7 1.0000-06 142.7 4.56060+04 4.7813D+04
1Z 7.74 2.53 133.3
142.3 1.0000-06 142.3 142.7 1.0000-06 142.7 4.56070+04 4.78140+04
13 7.74 2.3 133.2
142.2 1.0000-06 142.2 142.7 1.0000-06 142.7 4.55510+04 4.78730+04
14 7.74 2.53 --- 133.2
142.0 1.0000-06 142.0 142.4 1.0000-06 142.4 4.44680+04 4.90510+04
139.0 1.0000-06 139.0 133.6 1.0000-06 138.6 3.22950+04 6.36020+04
16 7.6 2.52 125.5
4.28 2.28
w
r
-lWA00WWW#AW41W ON ftll Wkkkl6W#A.--0"*l, - - - m I i "-k ---- , - - "
MITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 45
DX = C.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0/ A 0/ A WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. CEG. F. INCHES DEG. F. BTU/HR*FT2. BTU/HR*FTZ
4.28 2.38
~1 - 7.70 2.6 1283 - - --- -___ _________________________
Z 142.8 1.0000-06 142.8 143.7 l.OCO0-06 143.7 7.19860+04 4.16450+04
2 7.87 2.63 135.6.__
142.9 1.0COO-06 142.9 143.7 1.0000-06 143.7 3.75650404 4.15450+04
3 7.76 2.62 135.5 --
143.7 1.COO-06 143.7 144.2 1.0000-06 144.2 4.16870+04 4.67450+04
143.0 1.0000-06 143.0 143.6 1.0000-06 143.6 4.06950+04 4.53610+04
5 5 7.75 2.62 134.7
142.7 1.0000-06 142.7 143.2 1.0000-06 143.2 4.10310+04 4.48510+04
6 7.75 2.62 134.4
____ 
-- ~ 142.4 1.C000-06. 42.4._ _ 142.9 1.0000-06.A4.8..406470+04_4.42670+04
7 .74 2.62 134.1
142.1 1.000-06 142.1 142.6 1.0000-06 . 4.04920+04 4.3853D0404------
8 7.74 2.62 133.9
141.9 1.0000-06 141.) 142.3 1.0000-06 142.3 4.02770+04 4.33800+04
9 7.74 2.62 133.8
2_ 0 141.L.1. 0000-06 .141.7 ___142.1 1.0000-06 J42.1402880+04 4.30170+04
10 7.74 2.62 133.?
141.6 1.0000-06 141.6 142.1 1.0000-06 142.1. .4.03930+04 4.27e80+04
11 7.7' 2.62 133.6
141.6 1.0000-06 141.6 142.1 1.0000-06 142.1 4.052701-04 4.27670+04
-12 -7 74 - 2.6 13 . - -- -
141.6 I.00OD-06 141.6 142.1 1.0000-06 142.1 4.05270+04 4.27690+04
37. 4 2.62 1-33.6_____
141.6 1.0000-06 141.6 142.0 1.0000-06 142.0 4.04630+04 4.28370+04
14--- 7.74 2.62 -133.6 -
141.3 1.0000-06 141.3 141.7 1.0 '- S le - 3.92910+0', J.4114D+04 -
5 7.4 2.62 133.0
138.3 1.C000 06 13e.3 137.8 1.000C-06 137.8 2.70420+04 5.88270+04
16 7.67 2.61 125.8
4.28 2.38
0\
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MITR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - 47
0Dx - 0.02960 FT.
CHANNEL VEL TOTPL T8ULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0~ A Q A WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. DEG. F. INCHES - DEG. F.. BTU/HR*FT2 ITU/HR*FT2
4.28 2.48
1 7.70 .. 2.70 ___128.6 ____- __ ___ _______________________
142.3 1.0000-06 142.4 143.2 1.0000-06 143.2 6.8273D+04 3.77020+04
2 7.e8 7 2. 72 135.9
142.5 1.0000-06 142.5 143.2 1.0000-06 143.2 3.39080+04 3.78160+04
3 7.76 2.71 135.9
143.1 1.0000-06 143.1 143.7 1.0000-06 143.7 3.71670+04 4.21930+04
142.5 1.CC00-06 142.5 143.0 1.0000-06 143.0 3.62670+04 4.09e80+04
5 7.75 2.71 135.0
142.2 1.0000-06 142.2 142.7 1.0000-06 142.7 3.66740+04 4.05420+04
6 7.75 2.71 134.7
_141.9 .0000-06 141.9 42,3 1.0000-06_142,3 3,63700+04_4.0034D+04
7 7,74 2.71 134.5
141.6 1.0000-06 141.6 142.1 1.0000-06 141. 3.62760+04 3.96770+04
8 7.74 2.71 134.3
- - 141.4 1.0000-06 141.4 141.8 1.0000-06 141.8 3.61220+04 3.92610+04
9 7.74 2.71 134.1
141.Z..0000-06--141.2 __ 141.7...O00-06 141,7__.6175004 3.89340+04
10 7.74; 2.7 If 134.0
141.1 1.0000-06 141.1 141.6 1.00O0-06 141.6 .3.63020+04 3.87230+04
1 7.74. 2.71 ____ 134.0
141.1 1.0000-06 141.1 141.6 1.C00-06 141.6 3.64380+04 3.87010+04
141.1 1.000D-06 141.1 141.6 1.0000-06 141.6 3.64380+04 3.87030+04
13 7.74 2.71 134.0
141.1 1.0000-06 141.1 141.6 1..0000-06 141.6 3.63640+04 3.87810+04
3 1O.8 1.0000-06 140.8 141.2 1.0000-06 141.2 3.51080+04 4.01580+04
- 15- -7.74-- 2.71 -A33.3 -
137.8 1.0000-06 137.8 137.3 1.0000-06 137.3 2.28460+04 5.49730+04
16 7.67 2.70 126.0
4.28 2.48
MITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 49
OX = 0.02960 FT.
CHANNEL VEL TOTPL TeULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE a A 0 A WINDOW
FT/SEC PST DEG. F. DEG. F. INCHES DEG. F. DEG. F. INCHES DEG. F. 8TU/HR*FT2 STU/HR*FT2
4.28 2.58
141.9 1.0000-06 141.9 142.8 1.0000-06 142.8 6.49310+04 3.42080+04
2 7.87 2.81 136.2
142.2 1.0000-06 142.2 142.9 1.0000-06 142.9 3.06-.70+04 3.44980+04
S 3 7.76 2.80 136.2
142.8 1.0000-06 142.8 143.4 1.0000-06 143.4 3.39880+04 3.89750+04
A .7.75 ___2.80 .135.7 12.- - - ___________
142.2 1.0000-06 142.2 142.7 1.0000-06 142.7 3.3137D+04 3.79010+04
5 7.75 2.80 135.3
141.9 1.0000-06 141.9 142.4 1.0000-06 142.4 3.35940+04 3.75010+04
6 7.75 2.80 135.0
~__ ___141.6 .1.COO-06 141.6 142.1-.00000-06-142L 3I33480+03.7Q470+04
7 7.75 2.80 134.8
141.3 - 1.CCOO-06 141.3 141.8 1.DOCO-06.' 1 3.32980+04 3.67300+04
8 7.74 2.80 134.6
141.1 .. 1.0000-06 141.1 141.5 1.0000-06 141.5. 3.3188004 3.63540+04
9 7.74 2.80 134.4
140.9_1.0000-06_140.9 141.4 1.0000-06 14. 20+_.65D4
10 7.74 2.80 134.3
140.9 .C0000-06 140.9 141.3 1.0000-06 141.3 3.34130+04 3.58530+04
11L 7. 74 2. 80 134. 3
140.9 1.0000-06 140.9 141.3 1.0000-06 141.3 3.35500+04 3.58310+04
140.9 1.0000-06 140.9 141.3 1.0000-06 141.3 3.35500+04 3.5834D+04
13. - 7.74 2.80 134.3. -_ 
__
140.8 1.CO-06 140.8 141.3 1.OCO-06 141.3 3.34670+04 3.5923D+04
14 7.74 2.80 -134.2---
140.5 1.0000-06 140.5 140.9 1.0000-0A 140.9 3.2128D+04 3.73960+04
15- 7.7# 2.80 - -133. 5
137.4 1.000-06 137. . 1.0000-06 136.9 1.99080+04 5.22710+04
16 7.67 2.79 126.3
4.28 2.58
I'
, asm - - - - - - -- -- 1- - -~eam m -- ~~ 0 -no' teivaoma ffin eisomme
rPITR2 TEMP DISTRIBUTION CORE 1 A-2
MLSH POINT - 51
Dx - 0.02960 FT.
CHANNEL VEL TOTPL TSULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 / A 0 1fA WINDOW---
FT/SEC PSI DEG. F. DEG. F. INCHES DEG, F. CEO. F. INCHES DEG. F._8TU/HR*FT2 STU/HR*FT2Z. ____
4.28 2.68
141.6 .COO0-06 141.6 142.5 1.0CO-06 142.5 6.21960+04 3.13990+04
2 7.87 2.90 136.5
141.9 1.0000-06 141.9 142.6 1.0000-06 142.6 2.80620+04 3.1810D+04
3 7.76 2.89 136.5
*.42.5 1.0000-06 142.5 143.0 1.0000-06 143.0 3.08320+04 3.57750+04
4 - -. 75--2.89-136.0 - -__ - __ -__ ________141.9 1.0C00-06 141.9 142.4 1.0000-06 142.4 3.00320+04 3.48310+04
5 7.75 2.89 135.6
141.6 1.0000-06 141.6 142.1 1.0000-06 142.1 3.05380+04 3.44760+04
6 7.75 2.89 135.3
-_141.3 1.0000-06141.3 141.8 1.0C00-06 4 1.8 3.03490+04 3.40750+04
7 7.75 2.89 135.1
141.0 .1.0000-06 141.0 141.5 1.OCOD-06 _146.- 3.03420+04 3.37990+04
a 7.74 2.89 134.9
140.8 -- 1.C000-06 140.8 141.3 1.0000-06 141.3 3.02740+04 3.34620+04
9 - 7.74 2.89 134.7
---- 140.6 .CCO-06 140.7 141.1_1.0000-06 141.L 3.03870+0
4 3.31850+04
10 7.74 2.89 134.6
140.6 1.0000-06 140.6 141.0 1.0000-06 141.0 3.05440+04 3.29990+04- _____
117.74--,-, 2.89 134.5-
140.6 1.0000-06 140.6 141.0 1.0000-06 141.0 3.06820+04 3.29760+04
140.6 1.0000-06 140.6 141.0 I.0000-06 i4i.0 3.0682004 3.29800+04
13-- 7.14 -- __2*89- 134.5-_________
140.6 C.0000-06 140.6 141.0 1.0000-06 141.O 3.05880+04 3.30800+04
14 7*74--.- 2.89 134.5 ________140.2 1.0000-06 140.2 140.6 1.0C00-06 140.6 2.91680+04 3.46490+04
A5. 7~. 2.8 9  133.1 137.1 1.0000-06 137.1 136.6 l.oCOO-06 136.6 1.70170+04 495560D04
16 7.67 2.88 126.5
4.28 2.68
M1TR2 TEMP DISTRIBUTION CORE I A-2
MESH POINT - 53
OX a C.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSUPFACE Q / A t A INO0
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. DEG. F. INCHES MeG. F. BTU/HR*FT2 BTU/HR*F-T2 ___-
4.28 2.78
1. 7.70. 2.98 -129.4 _____ --
141.4 1.0000-06 141.4 142.3 1.OCOO-06 142.3 5.98070+04 2.90800+04
2 7.87 2.99 136.7
141.7 1.CCOO-06 141.7 142.5 1.0000-06 142.5 2.59090+04 2.95780+04
3 7.76 2.98 136.7
142.2 1.CO-06 142.2 142.7 1.0C00-06 142.7 2.81110+04 3.30120+04
4 7.75 2.98 136.3 ___-- _______
141.6 1.0000-06 141.6 142.2 1.0000-06 142.2 2.7357D+04 3.21790+04
5 7.75 2.98 135.9
141.3 1.0000-06 141.3 141.8 1.0000-06 141.8 2.79030+04 3.1864D+04
6 7.75 2.98 135.6
____ ____141.0 .0000-06 141.0.___141.5 1.0000-04.141,.2,763004 3.15090+04
7 7.75 2.98 135.3
---_ 140.8 1.C0OD-06 140.e 14.2 1.0000-06 _141 -7 2.77930+04 3.12680+04
a 7.74 2.98 135.1
- -- 140.6 1.0000-06 140.6 141.0 1.0000-06 141.0 2.77620+04 3.09640+0'4.- --
9 7.74 2.98 134.9
-___ K__ ________- ____ 140.4 1.0000-06 J140.4 140.91 .OCO0-06 40.9 _W9000+04 3,07100+04
10 7.74 2.90 134.8
---- 140.3 1.0000-06 140.3 140.8 1.0000-06 140.8 2.80700+04 3.05340+04
11 7.74 2.98 134.8
140.3 1.0000-06 140.3 140.8 1.0C00-06 140.8 2.82090+04 3.05110+04
13 7.74 2.98 134.8 - ____-_________,_____
140.3 1.0000-06 140.3 140.8 1.0000-06 140.8 2.82080+04 3.05150+04
13 7.74 2.98 134.8
140.3 1.0000-06 140.3 140.8 1.0000-06 140.8 2.81030+04 3.06280+04
14 7.74 2.98 134.7__-_
140.0 1.0000-06 140.0 140.3 1.0C00-06 140.3 2.66060+04 3.22910+04
-15 -7.74 - -2,,98 - 134.*0
136.1 1.0000-06 136.8 136.3 1.0000-06 136.3 1.45520404 4.72000+04
16 7.67 2.97 126.7
4.28 2.78
0\
MITR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - 55
OX = 0.02960 FT.
CHANNEL VEL TOTPL TSULK TSURFACE FILPTH TINTFACE TINTFACE FILMTM TSURFACE 0 / A. 0 / A WINDOW
FT/SEC PSI _DEG. F. DEG. F._. INCHES - DEG. F. DEG. F. INCHES DEG. F. STU/HR*FT2 BTU/HR*FT2- ______
4.28 2.88
1____7.70.3.07 129.6 ___ ___ ________________________
141.2 1.0000-06 141.2 142.1 1.0000-06 142.1 5.77910+04 2.70170+04
2 7.87 3.08 136.9
141.5 1.0OOC-06 141.6 142.3 1.0000-06 142.3 2.3987D+04 2.75840+04
3 7.76 3.07 136.9 ______
141.9 1.0000-06 141.9 142.4 1.0CO0-06 142.4 2.54550+04 3.03200+04
~4 ~ 7.75 ___3.07 136.5_____
141.4 1.C000-06 141.4 141.9 1.0000-06 141.9 2.4754D+04 2.9593D+04 A
5 7.75 3.07 136.1
141.1 1.0000-06 141.1 141.6 1.CC00-06 141.6 2.53380+04 2.93170+04
6 7.75 3.07 135.8
__________ 
____135.6 __140.8 1.0000-06 140.8.141.3 1.0000-06...41,3..2,5247Dt04 2.90070+04 ______Z4. .000 4. 4, 1. 0 00 0- 06 141. I#3 2 .53204 2.80 _ 079D+ 048 7.75 3.07 135.6
140.5 1.0000-06 140.5 1410 1.0000-06 141.0 _2.53120+04 2.87990+04
9 7.74 3.07 135.2
140.3 1.0000-06 140.3 140.8 1.CCO-06 140.8 2.53180+04 2.85280+04
________ ______ _____ 40.Z.1.CQ00-0& 1-40.2 . 140.6 1 .O000-06_A4O..j547900.428295004 ________
10 7.74 3.07 135.1
140.1 1.0000-06 140.1 140.6 1.0000-06 -.140.6 .2.56620+04 2.81300+04
11 7.74 3.07. 135.0
140.1 1.0000-06 140.1 140.6 1.0000-06 140.6 2.58010+04 2.81070+04
?7.7A Q3.07 135.0
140.1 1.C000-06 140.1 140.6 1.0000-06 140.6 2.57990+04 2.81120+04
13 7.74 ---- 3.07 135.0
- 140.1 1.000-06 140.1 140.5 1.0C00-06 140.5 2.56840+04 2.82370+04
147.74 3.7135.0___
139.7 1.CCOO-06 139.7 140.1 1.0000-06 140.0 2.41100+04 2.99920+04
17.74- 3.07 134.1I-
136.5 1.0000-06 136.5 136.0 1.0000-06 136.0 1.21750+04, 4.48810+04
16 7.68 3.06 126.9
4.28 2.88
Ea
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MITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 57
OX a 0.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0/ A Q A WINDOW
FT/SEC PSI - 0EG. F. DEG. F. INCHES DEG. F. EG. F. NCHES DEG.F.BTU/HR*FT2_BTU/HROFT2
4.28 2.98
L___ 7.70. ___3.16 129.8 ___ __-___- ___ _____________________
141.0 1.0000-06 141.0 141.9 1.0000-06 141.9 5.56790+04 2.49700+04
2 7.87 3.17 137.1 
141.4 1.0000-06 141.4 142.1 1.0CO-06 142.1 2.2068D+04 2.56090+04
3 7.76 3.16 137.2
141.5 1.0000-06 141.5 142.1 1.0000-06 142.1 2.23410+04 2.71820+04
141.0 1.0000-06 141.0 141.5 1.0000-06 141.5 2.1726D+04 2.6573D+04
5 5 3.16 136.3
140.7 1.0000-06 140.7 141.2 1.0COD-06 141.2 2.23540+04 2.6342D+04
6 7.75 3.16 136.1
140.A 1.0000-06. 140.4 140.9 1,0000-06- 1,091 ,2104. 60840+0404
7 7.15 3.16 135.8
140.2 1.0000-06 140.2 140.0 1.0000-06 -140.6 2.24230+04 2.59150+04
8 7.75 3.16 135.6
140.0 1.0000-06 140.0 140.4 1.0000-06 140.4 2.24700+04 2.56830+04 -
9 7.74 3.16 135.4
10 7.74 3.16 135.3
139.8 1.0C00-06 139.8 140.2 . 1.0000-06 140.2 2.28550+04 2.53220+04
17.74 -- -_3. 16 135. 3
139.a 1.0000-06 139.8 140.2 1.0000-06 140.2 2.29940+04 2.52990+04
17 7.74 3.1 135.3.____
139.8 1.0000-06 139.8 140.2 1.000D-06 140.2 2.2992D+04 2.53050+04
13 - 7. 74 3.*16 13 5. 3
139.7 1.0000-06 139.7 140.2 1.0C00-06 140.2 2.28640+04 2.54430+04
14_ .7.74 -- - -3.16- 135.2, - --
139.3 1.0000-06 139.4 139.7 1.0000-06 139.7 2.12180+04 2.72t80+04
15 7.74 3.16 __ 134.3 __ -__ __
136.2 1.0000-06 136.2 135.6 1.000-06 135.6 9.41160+03 4.21390+04
16 7.68 3.16 127.1
4.28 2.98
a'
U3
0
C r4t
i NO W-oft -- - - I i -1 - mmvmm
.ITR2 TEMP DISTRIBUTION CORE 1 A-2
MESH POINT - 59
0X - 0.02960 FT.
CHANNEL VEL TOTPL T8ULK TSURFACE FILMTH TINTFACE TINTFACE FILMTM TSURFACE 0 I A - A WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. CEG. F. INCHES- DEG. F. 87U/HR*FT2_07U/HR*FT2
4.28 3.08
1 7.70 3.25 130.I
140.7 1.0000-06 140.7 141.6 1.OCO-06 141.6 5.29740+04 2.23420+04
2 7.88 3.26 137.3
141.1 1.0000-06 141.1 141.8 1.0000-06 141.1 1.96040+04 2.3102D+04
3 7.76 3.25 137.3
141.2 1.0000-06 141.2 141.7 1.0000-06 141.7 1.97830+04 2.46030+04
140.? 1.COD-06 140.7 141.2 1.C000-06 140.9 1.92470+04 2.40890+04
5 7.75 3.25 136.5
140.4 1.OO0-06 140.4 140.9 1.0000-06 1409 1.9908+04 2.38960+04
6 7.75 3.25 136.3
731409. 1.00-06 140.1 140.4 1.0000-06 1404. - 2.99170+04 2.36810+04
7 7.75 3.25 136.0
139.9 1.C000-06 139.9 140.4 1.0000-06 14'.. - 2.0056004 2.35440+04
a 7.75 3.25 135.8
139.7,- 1.0C00-06 139.7 140.2 1.0000-06 140.0 2.0136004 2.3343D+04
9 7.74 3.25 135.6
-- 
139. 51.0000-06 139.6 140.0 1.0000-06 -140.0 
2 .05 70+04 2.31560+04
10 7.74 3.25 135.5
139.5 1.0000-06 139.5 140.0 1.0000-06 140.0 2.05550+04 2.3040+04
11 7.74 3.25 135.5
139.5 1.0000-06 139.5 140.0 1.0000-06 140.0 2.06940+04 2.29900+04
12,74 3.25 135.5 139.5 1.0OOO-06 139.5 140. l.C000-06 1400 2.05910.04 212998004
13 ---- 7.74 --- -3.25 - 135.5 -
139.5 1.0000-06 139.5 139.9 l.0000-06 139.9 2.05510+04 2.31490+04
14 7.o74 3.*25 135.4 --
139.1 1.0000-06 139.1 139.4 1.0000-06 139.4 1.88350+04 2.50820+04
15 7.. 3.25 134.5 ----
135.9 1.0000-06 135.9 135.3 1.0000-06 135.3 7.18830+03 3.98670+04
16 7.68 3.25 127.2
4.28 3.08
m~
MITR2 TEMP DISTRIBUT10 C0 E 1 A-2
MESH POINT - 61
DX a C.02960 FT.
CHANNEL VEL TOTPL TBULK TSURFACE FILMTH TINTFACE TINTFACE FILMTH TSURFACE 0 / A/ A WINDOW
FT/SEC PSI DEG. Fe DEG. F. INCHES 0EG. F. CEG. F. INCHES --DEG. F._ DTU/HR*FT2 QTIJ/HR*FTZ
4.28 3.18
1 - 7.70 3.34-130.L3
140.3 1.0000-06 140.3 141.2 1.0000-06 141.2 4.98450+04 1.93170+04
2 7.88 3.35 137.5
140.7 1.0000-06 140.7 141.4 1.0000-06 141.4 1.67790+04 2.02300+04
3 7.76 3.34 137.5
140.8 1.0000-06 140.8 141.4 1.0000-06 141.4 1.70790+04 2.18680+044_776_ 3.34 37.1 .....
140.4 1.0000-06 140.4 140.9 1.0000-06 140.9 1.66270+04 2.1455D+04
5 7.75 3.34 136.7
-4140.1 1.0000-06 140.1 140.6 1.0000-06 140.6 1.73220+04 2.13020404
6 7.75 3.34 136.4
75139.8 .1.CO00-06 139.8 140.3 .000-6 14013 ,7 303.11320+_4
7 7.75 3.34 136.2 _103 10O-6 10 080021300
------ 139.6 1.COO-06 139.6 140.1 1.0000-06 14C 1.75540+04 2.10290+04
a 7.75 3.34 136.0
-7-.-139.4 1.0000-06 139.4 139.9 1.0000-06-_ 139.8 1,76690+04 2.08620+04
9 7.74 3.34 135.8
_______ ___ - _____139.3 j,0000-06 139,3 __ 39.7 1.0000-06 139.7L..903D+04 2.06980+04
10 7.74 3.34 135.7
139.2 1.CCOD-06 139.2 139.7 1.0000-06 139.7 1.81220+04 2.05e60+04
11 
-774 3.34 135.6
139.2 1.0000-06 139.2 139.6 1.0C00-06 139.6 1.82610+04 2.05430+04
- 1?. 7.743.34 135.6 _ _ 
_
139.2 1.0000-06 139.2 139.6 1.000.0-06 139.6 1.825&0+04 2.0551D+04
--13 7. 74 3. 34 13 5.6
139.2 1.0300-06 139.2 139.6 1.0CO0-06 139.6 1.61050+04 2.07170'04
14, 7.74 3. 34 13 5.s5
138.7 1.0000-06 130.7 139 1 !.0000-v6 139.1 1.6321L . -. 27350+04
15 _ 7.74 3.34 134.6 - - --
135.5 1.C000-06 135.5 135.0 1.0000-06 135.0 4.846;0+03 3.74350+04
16 7.68 3.34 127.4 - - ~
4.28 3.18
__________________ ___ 
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MtTR2 TEMP DISTRIBUTION CORE 1 A-2
PESH POINT - 63
0X - 0.02960 FT.
CHANNEL VEL TOTPL TSULK TSURFACE FILTH TINTFACE TINTFACE FILMTH SURFACE V/A 0 I WINDOW
FT/SEC PSI DEG. F. DEG. F. INCHES DEG. F. DEG. F, INCHES DEG. F. -- STU/HR*FT2 STU/HR*FT2 --
4.28 3.28
1 - -7.70 - 3.43 130.4
139.6 1.C000-06 139.6 140.5 1.0000-06 140.5 4.58210+04 1.5273D+04
2 7.88 3.44 137.5
140.0 1.000C-06 140.0 140.8 1.0000-06 140.8 1.29880+04 1.64280t04
3 7.76 3.43 137.6
140.2 1.000D-06 140.2 140.8 1.0C00-06 140.8 1.34660+04 1.82400+04
- --7.76 3.43----- 137o2 -
139.8 1.0000-06 139.8 140.3 1.0000-06 140.3 1.31360+04 1.79590+04
5- 7.75 3.43 136.8-----
-4139.5 1.0000-06 139.5 140.0 1.0000-06 140.0 1.38810+04 1.78560+04
6 7.75 3.43 136.5
139.2 1.0000-06-139.2 - 139.7 1.00000-06 .39..7 I.40000+04 1i7460+04
7 7.75 3.43 136.3
139.0 1.0000-06 139.0 .139'.5 1.0000-06 1 ..1.42190+04 1.76880+04
a 7.75 3.43 136.0
138.8 - 1.0000-06 138.8 139.3 1.0000-06 139.3 1.43800+04 1.75660.04
9 7.75 3.43 135.9
- ------- -- 138.7 1 0CCO-06 138.7 .. 39.2 .1.0000-06.139,2 1,46440404 174310+04
10 7.74 3.43 135.7
138.7. 1.000C-06 138.7 139.1 1.OCO-06 139.1 1.48780+04 1.73140.04--,-__
11 7.74- .-- 3.43 13,5.7
138.6 1.0000-06 138.6 139.1 1.OCO-06 139.1 1.50180+04 1.72910+04
-12 .7.74. 3.43 135.-? - ___0
138.6 1.0000-06 138.6 139.1 1.0000-06 139.1 1.50130+04 1.73CC0+04
13 7.74 3.43 13.5.7 
-- 138.6 1.0000-06 138.6 139.0 1.0CO-06 139,0 i.4854D+04 1.74730+04
138.2 1.C000-06 138.2 138.5 1.0000-06 138.5 1.30350+04 1.95370+04
7- 15 7.74 o.43 - 134.4 - - --
135.0 1.0000-06 135.0 134.4 1.0000-06 134.4 1.61620+03 3.42040+04
16 7.68 3.43 127.5
4.28 3.28
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APPENDIX F
Sample Data Sheets
1) Irradiation Data Sheet (Element Irradiation)
2) Plate Scanning Data Sheet
3) GAMSCAN INPUT DATA SHEET
4) Irradiation Data Sheet (Copper Wire Irradiation)
5) Copper Wire Data Sheet
6) Copper Wire Resonance Correction Sheet
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IRRADIATION DATA SHEET
IRRADIATION #2 DATE October 16, 1975
GAMSCAN REFERENCE IRRADIATION #1*
TIME REACTOR POWER LEVELED 1422
TIME REACTOR SHUTDOWN 1522
#4M41
ELEMENT POSITION C-9
Ten Minute
Interval
Channel
7
Channel
5
Channel
6
Ave. on
Channel 7
for
Interval
1 .5 x 10- 6  19 pa .5 x 10- 6
2 .5 x 10- 6  19 pa .5 x 10- 6
3 .5 x 10- 6  19 pa .5 x 10-6
4 .5 x 10-6 19 pa .5 x 10- 6
5 .5 x 10-6 19 pa .5 x 10- 6
6 .5 x 10- 6 19 pa .5 x 10-6
Note* Irradiation numbers in GAMSCAN and COREFAC are 1
less than the irradiation number listed in the
raw data sheet because the actual irradiation #1
was only a trial irradiation.
IRRADIATION # 2
GPASCAN IRRADIATION
PLATE SCANNING DATA SHEET
PLATE # GP-64
Co FOIL # _2
DATE October 16, 1975
SHEET #1
Lath Table
Readings
x
Original
Count
Fuel Meat
Coordinates
y 1 x
U Foil
Counts
Point
Number
Corrected
Counts
from
GAMSCAN
1739 3 23 739
1742 3 22 7/8 974
1744 3 22 3/4 1330 1.0 -0.125 5645 J=1,2,3 1084
1746 2 5/16 22 11/16 1079 1.6875 0.0 5782 4 728
1747 3 22 11/16 1638 1.0 0.0 15 1577
1750 3 11/16 22 11/16 1388 0.3125 0.0 6 1233
1752 2 5/16 22 5/8 1850 1.6875 0.062E 5463 7 1984
1753 3 22 5/8 6152 1.0 0.062E 8 8837
1754 3 11/16 22 5/8 4172 0.3125 0.062E 9 5737
1756 2 5/16 22 9/16 4542 1.6875 0.125 10 6437
1757 3 22 9/16 11807 1.0 0.125 11 18430
1758 3 11/16 22 9/16 8650 0.3125 0.125 12 13356
1800 2 5/16 22 1/2 8706 1.6875 0.187r 13 13561
Time y
a'
IRRADIATION 2
GAMSCAN IRRADIATION
Lath Table
Readings
y x
# 1
Original
Count
PLATE # GP-64
Co FOIL
Fuel Meat
Coorainates
Y1 X
# 2
U Foil
Counts
DATE Octo
SHEET #2
Point
Number
ber 16, 1975
Corrected
Counts
from
GAMSCAN
1801 3 22 1/2 16769 1.0 0.1875 14 27396
1802 3 11/16 22 1/2 13336 0.3125 0.1875 15 21916
1804 2 5/16 22 3/8 13093 1.6875 0.3125 16 21537
1805 3 22 3/8 15106 1.0 0.3125 17 25243.6
1807 3 11/16 22 3/8 14628 0.3125 0.3125 4926 18 24795
1808 2 5/16 22 1/4 12757 1.6875 0.4375 19 21499
1809 3 22 1/4 14280 1.0 0.4375 20 24436
1811 3 11/16 22 1/4 13740 0.3125 0.4375 4959 21 23845
1812 2 5/16 22 12424 1.6875 0.6875 22 21463
1814 3 22 1/4 13332 1.0 0.6875 23 23493
1815 3 11/16 22 1/4 13186 0.3125 0.6875 24 23390
1818 2 5/16 21 1/2 12319 1.6875 1.1875 4777 25 22098
CD
Time
IRRADIATION # 2
GAMSCAN IRRADIATION # 1
PLATE
Co FOIL
# GP-64
# 2
DATE October 16, 1975
SHEET #3
Lath Table
Readings
y x
Original
Count
Fuel Meat
Coordinates
y | xi U FoilCounts
Point
Number
Corrected
Counts
from
GAMSCAN
1819 3 21 1/2 12483 1.0 1.1875 26 22589
1820 3 11/16 21 1/2 12444 0.3125 1.1875 27 22687
1822 2 5/16 21 12812 1.6875 1.6875 28 23782
1823 3 21 12371 1.0 1.6875 29 23056
1825 3 11/16 21 11809 0.3125 1.6875 30 22229
1827 2 5/16 20 13394 1.6875 2.6875 31 25837
1828 3 20 13200 1.0 2.6875 4603 32 25616
1829 3 11/16 20 12637 0.3125 2.6875 33 24615
1831 2 5/16 19 12949 1.6875 3.6875 34 25643
1832 3 19 13418 1.0 3.6875 35 26843
1834 3 11/16 19 12855 0.3125 3.6875 4504 36 25971
1835 2 5/16 18 12931 1.6875 4.6875 37 26311
Time
IRRADIATION
_2
GAMSCAN IRRADIATION # 1
PLATE # GP-64
Co FOIL 2
DATE October 16, 1975
SHEET 14
Lath Table
Readings
x
Original
Count
Fuel Meat
Coordinates
y 1
U Foil
Counts
Point
Number
Corrected
Counts
from
GAMSCAN
1838 3 18 13413 1.0 4.6875 38 27926
1839 3 11/16 18 12822 0.3125 4.6875 39 26783
1843 3 17 1/4 12631 1.6875 5.4375 40 27079
1844 2 5/16 17 1/4 11965 1.0 5.4375 4336 41 25701
1846 3 11/16 17 1/4 11508 0.312 5.4375 42 24960
1848 2 5/16 16 1/2 11652 1.6871 6.1875 43 25639
1849 3 16 1/2 11778 1.0 6.1875 44 26115
1850 3 11/16 16 1/2 11096 0.3125 6.1875 45 24636
1851 2 5/16 15 3/4 10442 1.6875 6.9375 46 23205
1853 3 15 3/4 10442 1.0 6.9375 47 23516
1854 3 11/16 15 3/4 10143 0.312! 6.9375 48 22912
1856 2 5/16 15 8477 1.687! 7.6875 49 18989
1857 3 15 8244 1.0 7.6875 50 18966
a'
0
Time y
IRRADIATION # 2
GAMSCAN IRRADIATION # 1_
PLATE # GP-64
Co FOIL # 2
DATE October 16, 1975
SHEET #5
Lath Table
Readings
y x
Original
Count
Fuel Meat
Coordinates
Y1 X 1
U Foil
Counts
Point
Number
Corrected
Counts
from
GAMSCAN
1858 3 11/16 15 8148 0.3125 7.6875 51 18383
1900 2 5/16 14 5503 1.6875 8.6875 52 11770
1901 3 14 5223 1.0 8.6875 53 11116
1903 3 11/16 14 5252 0.3125 8.6875 54 10807
1904 2 5/16 13 3763 1.6875 9.6875 55 7590
1906 3 13 3668 1.0 9.6875 56 7427
1907 3 11/16 13 3865 0.3125 9.6875 57 8005
1908 2 5/16 9 2439 1.6875 13.6875 58 4620
1910 3 9 2505 1.0 13.6875 59 4859
1911 3 11/16 9 2360 0.3125 13.6875 60 4488
1913 2 5/16 3 1303 1.6875 19.6875 61 2307
1914 3 3- 1352 1.0 19.6875 62 2458
ON
Time
IRRADIATION # 2
GAMSCAN IRRADIATION
PLATE
Co FOIL# 1
# GP-64
# 2
DATE October 16, 1975
SHEET #6
Lath Table
Readings
Y X
Original
Count
Fuel Meat
Coordinates
y 1
U Foil
Counts
Point
Number
Corrected
Counts
from
GAMSCAN
1916 3 11/16 3 1309 &.3125 19.6875 63 2365
1917 3 0 776 1.0 22.0000 64,65,66 1040
1919 2 23 463 1.0
ro
Time
643
GAMSCAN INPUT DATA PREPARATION SHEET
IRRADIATION #2
REFERENCE GAMSCAN IRRADIATION #1
J
TI (J)
Time from Start of
Irradiation in Min.
PLATE #6P-64 (Plate 1)
C Cu
original Counts
1 202 1330
2 202 1330
3 202 1330
4 204 1079
5 205 1638
6 208 1388
7 210 1850
8 211 6152
9 212 4172
10 214 4542
11 215 11807
12 216 8650
13 218 8706
14 219 16769
15 221 13336
IRRADIATION #2
J
PLATE #6P-64
TI(J)
Time from Start of
Irradiation in Min.
C(J)
Original
16 222 13093
17 223 15106
18 225 14628
19 226 12757
20 227 14280
21 229 13740
22 230 12424
23 232 13332
24 233 13186
25 236 12319
26 237 12483
27 238 12444
28 240 12812
29 241 12371
30 243 11809
31 245 13394
32 246 13200
33 247 12637
34 249 12949
35 250 13418
644
r0
Counts
C
IRRADIATION #2 PLATE #6P-64
J
TI (J)
Time from Start of
Irradiation in Min.
C (J)
Original Counts
36 252 12855
37 253 12931
38 256 13413
39 257 12822
40 261 12631
41 262 11965
42 264 11508
43 266 11652
44 267 11778
45 268 11096
46 269 10442
47 271 10442
48 272 10143
49 274 8477
50 275 8244
51 276 8148
52 278 5503
53 279 5223
54 281 5052
55 282 3763
645
IRRADIATION #2 PLATE #6P-64
TI(J)
Time from Start of
Irradiation in Min.
C(J)
Or-icrinal
56 284 3668
57 285 3865
59 288 2505
60 289 2360
61 291 1303
62 292 1352
63 294 1309
64 295 776
65 295 776
66 295 776
J
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Counts
C
IRRADIATION DATA SHEET
IRRADIATION #17
TIME REACTOR POWER LEVELED
TIME REACTOR SHUTDOWN
SPECIAL DETAILS OF
IRRADIATION
Period Channel Levels
Channel #1 - 3.1 x 10-6
Channel #2 - 9.5 x 10~
Channel #3 - 1.8 x 10~7
DATE November 7, 1975
1120
1220
Wire N Spider hole #1
Wire M Deep Drill Hole #4 7-3/4
Wire F 3GV5 bo
Wire E Channel 11 A2(4M41)
Channel 2
Ten Minute
Interval
Channel
7
Recorder y yammeter
Channe
5
1 Channel
6
Ave. on
Channel 7
for
Interval
1 50.2 48.8 18.8 9.0 49.8
2 49.8 48.4 18.8 9.0 49.9
3 49.8 48.4 18.8 9.0 50.0
4 49.9 48.4 18.8 9.0 49.9
5 49.9 48.4 18.8 9.0 49.9
6 49.9 48.4 18.8 9.0 49.9
I. 4~
COPPER WIRE DATA SHEET
IRRADIATION #17
DATE November 7, 1975
WIRE # N
Co FOIL #17
LOCATION OF WIRE TIP: Spider Hole #1
Tip of Wire 27" from Tip
of holder
Time of Start
of Count
Lath Table
Readings
x Y
(4 minute counts)
Original Counts
Distance from
Tip of Wire
xl
(inch)
Decay Time
(minutes)
Counts
Corrected for
Background
and Decay
1324 23 3 216 64 0
1328 22 3/8 3 4357 -1 5/16 68 4402.6
1333 22 3 4311 - 11/16 73 4373.4
1337 21 3 3158 5/16 77 3153.3
1342 20 3 2246 1 5/16 82 2185.6
1346 19 3 1958 2 5/16 86 1882.3
co
C
Time at Start
of Count
Lath Table
Readings
x Y
(4 minute counts)
Original Counts
Distance from
Tip of Wire
xl
(inch)
Decay Time
(minutes)
Counts
Corrected for
Background
and Decay
1351 18 3 1863 3 5/16 91 1787.7
1355 17 3 1857 4 5/16 95 1787.6
1359 16 3 1879 5 5/16 99 1818.1
1403 15 3 1946 6 5/16 103 1898.2
1408 14 3 889 7 5/16 108 1844.0
1413 13 3 1720 8 5/16 113 1665.2
1417 12 3 1640 9 5/16 117 1582.3
1422 11 3 1549 10 5/16 122 1487.9
1427 10 3 1445 11 5/16 127 1378.0
Time at Start
of Count
Lath Table
Readings
x I Y
(4 minute counts)
Original Counts
Distance from
Tip of Wire
x1
(inch)
Decay Time
(minutes)
Counts
Corrected for
Background
and Decay
1431 8 3 1053 13 5/16 131 941.8
1436 5 3 881 16 5/16 136 751.7
1440 1 3 631 20 5/16 140 470.8
a'
0
C
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COPPER WIRE RESONANCE CORRECTION SHEET
CASE #11
WIRE N
LOCATION OF WIRE TIP: 27 1/4
from top edge of hold down
grid plate - Spider Hole #1
Distance from
Wire Tip to
Collimator
Centerline
Counts Corrected
for Background,
Decay, and Power
02
03
From
CITATION
Counts Due
to Thermal
Activation
of Copper
5/16 4376.7 .47 2889.5
11/16 4347.7 .57 2676.9
1 11/16 3135.0 .8 1671.1
2 11/16 2172.8 1.35 876.7
3 11/16 1871.2 1.74 644.0
4 11/16 1777.2 2.6 460.6
5 11/16 1777.2 2.6 460.6
6 11/16 1807.4 2.6 460.6
7 11/16 1887.0 3.15 424.1
8 11/16 1833.2 3.15 412.0
9 11/16 1655.4 3.15 372.0
Distance from
Wire Tip to
Collimator
Centerline
Counts Corrected
for Background,
Decay, and Power
02
03
From
CITATION
Counts Due
to Thermal
Activation
of Copper
10 11/16 1573.0 3.15 353.5
11 11/16 1479.2 3.5 309.8
12 11/16 1369.9 3.5 283.4
14 11/16 936.3 9.25 84.1
17 11/16 747.3 13.0 49.0
21 11/16 468.0 21.0 19.5
652
653
BIOGRAPHICAL NOTE
George Charman Allen, Jr. was born on February 13, 1948
in Upper Darby, Pennsylvania. His elementary and secondary
education were obtained in Drexel Hill, Pennsylvania and
Toms River, New Jersey.
Upon graduation he enrolled at Massachusetts Institute
of Technology, Cambridge, Massachusetts. While an under-
graduate he was a member of Sigma Phi Epsilon, a social
fraternity, M.I.T. varsity heavyweight crew team, Mangla
Dam study group, and he was elected vice president of the
local student chapter of the American Society of Civil
Engineers. In 1969, he was accepted into a five year
program with the Department of Civil Engineering and the
Department of Nuclear Engineering. During the fifth
year he was a teaching assistant for the courses, "Nuclear
Power Reactors" and "Radiation Shielding." Among the
honors he received as an undergraduate was election to Chi
Epsilon, a national civil engineering honor society, and
twice being a silver medalist in the national intercollegiate
rowing championships. In June, 1971, he received a S.B.
degree in Civil Engineering and a S.M. degree in Nuclear
Engineering. The title of his master's thesis was, "Aspects
of a Seismic Analysis of the MITR-II."
Mr..Allen was accepted into the M.I.T. Department of
Nuclear Engineering Ph.D. program and awarded the first
654
Theos J. Thompson Fellowship. He was elected secretary
and then president of the local student branch of the
American Nuclear Society. In October, 1972, he accepted
employment at the M.I.T. Research Reactor as a senior
shift supervisor and later as the supervisor for mechanical
engineering on the MITR-II modification. Prior technical
employment had consisted of three summers with Bechtel
Corporation and one summer with the Army Corps. of Engineers.
Mr. Allen is married to the former Carol Iris Gibbs of
Skillman, New Jersey.
